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ABSTRACT 
ORGANIC PHOTOVOLTAICS BASED ON P3HT/PCBM: CORRELATING 
EFFICIENCY AND MORPHOLOGY  
 
 
SEPTEMBER 2011 
DIAN CHEN 
B.E., ZHEJIANG UNIVERSITY UNIVERSITY, CHINA 
M.S., ZHEJIANG UNIVERSITY UNIVERSITY, CHINA 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
Directed by: Professor Thomas P. Russell 
 
 
 
Controlling the morphology of thin films is key in optimizing the efficiency 
of polymer-based photovoltaic (PV) devices. The morphology and interfacial 
behavior of the multicomponent active layers confined between electrodes are 
strongly influenced by the preparation conditions. Results obtained in this work 
quantitatively show the photovoltaic device performance is strongly affected by the 
nanoscopic morphology, crystal orientation, composition distribution and the 
interdiffusion behavior of the photoactive layer. To better understand the physics of 
the photoactive layer in the organic photovoltaic devices, it is necessary to gain a 
quantitative understanding of the morphology and the manner in which it develops. 
A key element in the kinetics associated with the structure development is the 
interdiffusion of the components. To that end we used poly(3-hexylthiophene) 
 viii 
 
(P3HT) / [6,6]-phenyl C61- butyric acid methyl ester (PCBM) bilayers as a model 
to investigate the interdiffusion of the components and its role in the development 
of the morphology. A detailed description of the diffusion behavior and the 
morphology developed from a layer of P3HT in contact with a layer of PCBM 
during thermal annealing is given. Amorphous P3HT and PCBM are shown to be 
highly miscible and PCBM can penetrate into the P3HT layer through the P3HT 
amorphous region and form the bulk heterojunction structure within a few second 
of annealing at 150 oC. The results indicated that one phase is a pure P3HT crystal 
domain and the other phase is the mixture of amorphous P3HT and PCBM, which 
is not consistent with a phase separation of the components by a spinodal 
decomposition mechanism. We put forth an alternative mechanism, namely a 
competitive crystallization/diffusion argument, to describe the origin of the 
morphology. These findings provide new insights and guidance in the generation of 
active layers in organic photovoltaics that are crucial in enhancing the device 
performance. Textured organic solar cells were also studied, providing another 
route to fabricate higher performance devices.   
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CHAPTER 1 
BACKGROUND 
1.1 Overview 
  As the need for renewable, “green” energy sources becomes more urgent, more 
and more attention was paid on photovoltaic energy conversion, especially organic 
photovoltaics (OPVs) made from conjugated polymers. Organic solar cells based on thin 
polymer films are attractive due to their mechanical flexibility, ease of processing, and 
low cost fabrication of large area devices.1 Additionally, their physical properties can be 
chemically tuned to adjust separately the band gap, the valance and conduction energies, 
charge transport, as well as the solubility and morphological characteristics.2, 3 Although 
significant progress has been made during the last decade, the efficiency of converting 
solar energy into electrical power with polymer based solar cells is still not high enough, 
the most efficient devices have the efficiencies of 8.3% by Konarka Technologies, Inc.. 
To improve the efficiency of plastic solar cells, it is, therefore, crucial to understand the 
physics of the organic semiconductors and devices; to understand the morphology and 
the manner in which it develops; and identify what limits the device performance. 
 
1.2 Polymer Semiconductors for Organic Photovoltaic Applications 
Conjugated polymers are considered the most popular candidates for the organic 
photovoltaic applications, why? Except for their mechanical properties and good 
solubility and, the conjugated polymers share a common electronic structure, which is 
based on conjugated π electrons. Here, polythiophene is selected as the model of the 
conjugated polymers.4 In the backbone of polythiophene (Fig 1.1 a), each carbon atom 
  2 
 
binds to only three adjacent atoms, leaving one electron per carbon atom in a pz orbital. 
As a result, the mutual overlap between these pz forms π bonds along the conjugated 
backbone, thereby the π electrons along the entire conjugation path were delocalized. 
These delocalized π electrons in semiconductors can fill a π band, which is called the 
highest occupied molecular orbital (HOMO) and the empty π* band is called the lowest 
unoccupied molecular orbital (LUMO). The energy difference between the HOMO and 
LUMO, called “band gap” of a conjugated system depends on the conjugation length.5 
When the conjugation length is reduced, the maximum absorption will be shifted to the 
“blue” region, and at the same time the local HOMO and LUMO positions of the system 
will be affected.  
(d)
a
b
c
d
 
Figure 1.1 Model of conjugated polymers and the photophysics: a, polythiophene; b, a 
charged polaron in polythiophene; c, hopping process between status 1 and 2; d, intra- 
(filled arrows) and intermolecular (unfilled arrows) charge-transport. Reprint from 
citation 4.  
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In conjugated polymers, the electron-phonon coupling leads to the so-called 
polarons which may be regarded as defects in the conjugated polymer chains (Fig 1.1 b). 
Such defects could stabilize the charge which is self-trapped as a consequence of lattice 
deformations. Charge carriers proceed from one such state to another (hopping), thereby 
absorbing or emitting phonons to overcome the energy difference between these states. 
So in the majority of organic semiconductors, transport bears all characteristics of a 
hopping process in which the charge propagates via a side-to-side oxidation–reduction 
reaction (Fig 1.1 c). In addition to these, intramolecular charge transport along a 
conjugated polymer chain and intermolecular charge transport between adjacent 
molecules or polymer chains are necessary to differentiate (Fig 1.1 d). The former which 
is specific to conjugated polymers is more efficient than the latter.6 
 
1.3 Physics of Organic Photovoltaic Solar Cells 
A typical organic solar cell is shown in Fig 1.2a, the active layer (P3HT:PCBM) 
(Fig 1.2b) is sandwiched between two electrodes (cathode and anode), one is transparent 
and the other one is reflecting, and sun light is introduced through the transparent 
electrode. In traditional solar cells, indium-tin-oxide (ITO) coated glass or PET is used 
as the anode, due to its high work function and transparency. A layer of poly(3,4-
ethylene dioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) (~ 40 nm) is coated 
onto the ITO surface to reduce the surface roughness of ITO and further increase the 
work function of the anode. Then a ~100 nm blend layer of light-harvesting conjugated 
polymers (e-donor) and electron-accepting materials (e-acceptor) works as an active 
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layer. A cathode with a low work function (Al, Ca et al.) is deposited onto the active 
layer by thermal evaporation. Sometimes a thin layer of lithium fluoride (LiF) or other 
hole blocking layer is deposited between the active layer and Al. When the light shines 
onto the ITO side, photons are absorbed by the conjugated polymer (eg.P3HT) in the 
active layer, producing excitons (bound electron-hole pairs) that are transported to the 
interface between the donor and acceptor, where the excitons are dissociated into 
electrons and holes. Electrons are transported through the acceptor domain and collected 
by the cathode, and the holes are transported through the donor domain and collected by 
the anode, which results in an external circuit current. The electrons transporting 
process in the active layer described schematically in Fig 1.2c.  
E
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LUMO
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b
c
External Circuit
h
e
Exciton P3HT
PCBM
ITO
PEDOT:PSS
Al
Sun Light
 
Figure 1.2 a, schematic layout of a BHJ solar cell based on P3HT: PCBM; b, chemical 
structure of P3HT (Donor) and PCBM (Acceptor); c, the photovoltaic process. 
 
      To better understand the physics of the organic photovoltaics, it is the key to know 
the main conversion steps and loss mechanisms of light power into electric power, 
which are simply depicted in Fig 1.3. The primary process of photocurrent generation is 
light absorption, either by the donor or by the acceptor, yielding excitons which have to 
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diffuse to the interface between the donor and acceptor (Fig 1.3a). When the excitons 
reach the donor-acceptor interface, electron transfer to the acceptor phase is 
energetically favored, driven by the energy difference between LUMO levels of the 
donor and acceptor (> 0.3 eV), which produces an electron-hole pair bound by 
Coulombic interactions (Fig 1.3b)1, 7-9. The electron-hole pair on this stage is metastable 
and must be converted into free charge carriers before transport, which mainly depends 
on temperature and electric field (Fig 1.3c).7 The free carriers then must be transported 
through their respective phases to the electrodes for extraction, which will be affected 
by the charge carrier mobility of the materials (Fig 1.3d). Possible loss mechanisms are 
exciton decay (Fig 1.3e), geminate recombination of bound electron-hole pairs, and 
bimolecular recombination of free charge carriers (Fig 1.3f). 
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Figure 1. 3 Working mechanism of BHJ organic photovoltaics: a, exciton yielding; b, 
coulombically bound electron-hole pair yielding; c, dissociation of the electron-hole 
pair; d, free charge carriers transporting; e, exciton decay; f, recombination of the bound 
electron-hole pair and bimolecular recombination of free charge carriers. (courtesy of 
Lambert Jan Anton Koster, University of Groningen) 
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1.4 Characterization Organic Photovoltaic Solar Cells 
     The current density-voltage (I-V) characteristics for a solar cell in the dark (blue line) 
and under illumination (red line), are shown in Fig 1.4. When the cell is in the dark, 
there is almost no current flowing, until the contacts start to inject electrons at a forward 
bias larger than a certain value (open-circuit voltage). When the cell is under 
illumination, the I-V curve is shifted down by the amount of photocurrent (Iph) 
generated. The open-circuit voltage, Voc, is the maximum photovoltage that can be 
generated by the cell and corresponds to the voltage when the current under illumination 
is zero. The maximum current that can run through the cell at zero applied voltage is 
called the short-circuit current, Isc. In the fourth quadrant, the device generates the 
maximum power Pmax (Pmax = Imax×Vmax).  The ratio between Pmax and the product Jsc 
and Voc is defined as the fill factor (FF) (inserted equation in Fig 1.4), thus 
Pmax=Jsc·Voc·FF. To determine the power conversion efficiency η of a solar cell, the 
maximum output power Pmax is compared to the incident light intensity Psun (inserted 
equation in Fig 1.4). Which physical parameters are going to affect the performance of 
the plastic solar cell, such as Jsc, Voc and FF? Some literatures4 indicated that Jsc will be 
affected by the light absoption, quantum efficiency, recombination, electrodes charge 
collection and etc; Voc will be determined by the energy levels of the materials, current 
leaking, recombination and etc; while the FF will be decided by recombination, internal 
resistance of the cell, electrodes charge collection and etc. Optimizing these parameters 
will be critical to improve the final performance of the OPVs.  
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Figure 1. 4 Typical I-V characteristics of an OPV cell in the dark (blue line) and 
illumination (red line) conditions. The short-circuit current density (Isc) and open-circuit 
voltage (Voc) are shown. The maximum output power (Pmax) is given by the rectangle 
Imax×Vmax., and the power conversion efficiency η is calculated. 
 
 
1.5 Organic Solar Cell Device Structures 
     Four different organic photovoltaic devices are depicted in some literatures10.  Fig 
1.5 shows the four device structures: (1) single-layer PV cell; (2) bilayer PV cell; (3) 
disordered bulk heterojunction (the most popular one); (4) ordered bulk heterojunction.  
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Figure 1.5 Four device architectures of conjugated polymer-based photovoltaic cells: a, 
single-layer OPV cell; b, bilayer OPV cell; c, disordered bulk heterojunction OPV cell; 
d, ordered bulk heterojunction OPV cell.  
 
 
(1) Single Layer Devices 
     The single layer organic solar cell devices are based on a single organic layer 
sandwiched between two metal electrodes with different work functions, which generate 
built-in electric fields within the film.11 When the light shines on the cell from the 
transparent electrode side,  photons are absorbed, electrons are excited from the highest 
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital 
(LUMO) and form excitons, that are then dissociated into free charges (electrons and 
holes) and collected at the respective electrodes. Since the excitons are strongly bound 
by Coulombic interactions, the electric field arising from the difference in the work 
functions of the two electrodes is too weak to dissociate the excitons into the free 
charges. As a result, a reasonable Voc can be produced by a single-layer conjugated 
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polymer solar cell, but the photocurrent is very low12. This can be explained by the 
following: (1) the predominant tendency of the conjugated polymers to form bound 
excitons that decay rather than dissociate at room temperature13 and (2) the low mobility 
of the free carriers which were created in conjugated polymers.  
 
(2) Bilayer Devices 
      The first bilayer solar cell was developed by Tang.14 And the first polymer/C60 based 
bilayer solar cell were fabricated by Saricifici et al.15 Two materials with different 
HOMO and LUMO were layered to dissociate the excitons into free charge carriers.14, 15 
In this so–called heterojunction, excitons dissociation is benefited where the electron 
will be accepted and transported in electron acceptor materials (A) and the hole in the 
electron donor materials (D), the separated charge carriers are more difficult to 
recombine with its counterpart. By carefully matching these materials, electrons transfer 
from the donor to the acceptor, or holes transfer from the acceptor to the donor, is 
energetically favored. The major difference between single layer device and a bilayer 
heterojuction device is that in the latter the electrons and holes are confined to e-
acceptor phase and e-donor phase respectively. The recombination of free electrons and 
holes now mainly occurs at the interface of the phases and the free charges are 
transported within one phase, where the electrons travel within the n-type acceptor 
phase and the holes travel within the p-type donor phase. Hence, holes and electrons are 
effectively separated from each other and, thus, charge recombination is greatly reduced 
and depends more on trap densities. Since the exciton diffusion length is ~ 10 nm 16-18, 
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only the excitons created in a thin layer at the heterojunction can contributes to the 
photocurrent of the cell, most excitons generated in the remainder of the device are lost. 
 
(3) Bulk Heterojunction Devices 
       It is critical to overcome the exciton recombination, which results from a failure to 
reach the donor/acceptor interface. Since exciton dissociation is most effective at the 
interface between e-donor phase and e-acceptor phase, the excitons should be formed 
within domains that are comparable to the exciton diffusion length, typically ~10 nm21. 
In 1995 Yu, Halls et al.19, 20 built a cell by mixing donors and acceptors, which increases 
the D/A interfacial area dramatically and decreases the distance excitons have to travel 
to reach the interface. This gave rise to the concept of “Bulk Heterojunction (BHJ)”, 
where the junctions between the electron- and hole-conducting materials occur within 
the bulk of the materials.  
      Mixtures of light-harvesting conjugated polymers (donor) and electron-accepting 
fullerene derivatives (acceptor) offer a promising route toward the development of light-
weight, cost-effective, large-area, flexible OPV solar cells.1, 19 Within these “bulk 
heterojunction” (BHJ) OPVs, the donor and acceptor phases should be bicontinuous, 
with a characteristic length scale comparable to the exciton diffusion length of ~10 
nm21. The small size scale of the morphology minimizes the recombination of the bound 
electron-hole pair and generates a large interfacial area to effectively dissociate the 
excitons.19, 22, 23 The dissociated carriers (electrons and holes) are transported to the 
cathode and anode, respectively, resulting in an external photocurrent. Clearly, the 
performance of such BHJ devices depends critically on the morphology of the 
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photoactive layer24. The only difference between BHJ and the bilayer device is the 
larger D/A interfacial area, where charge separation occurs, photo-generated excitons 
can be dissociated into free charges at any place. Like in bilayer devices, the charges are 
also separated within the different phases and, hence, recombination is reduced to a 
large extent.  
Chapter 2, 3 of this thesis will focus on detailed descriptions of the BHJ 
morphologies and the manner it develops in the P3HT/PCBM system. 
 
(4)  Ordered Bulk Heterojunction  Devices 
The “ordered bulk heterojunction”, consisting of vertically aligned conjugated 
polymer nanorods, surrounded by the e-acceptor materials to form the ordered 
bicontinuous heterojunction morphology, and at the same time maximize the interfacial 
area and shorten the free charges transporting distance, has been proposed as the ideal 
morphology for the active layer.10, 25 Several research groups have used nanoimprint 
lithography to produce the polymer nanostructures by using Si mold26. While making 
the Si mold with nanometer pore size is of high cost. The anodic aluminum oxide 
(AAO) membranes were also selected to fabricate the conjugated polymer nanopillars25-
28
, but the template removal process will dissolve the PEDOT:PSS layer, leave 
impurities on the active layer, and in addition to these, the base or acidic solution used 
to remove the template will deleteriously affect the device performance. 
Chapter 4 of this thesis will focus on a cost-effective and simple method to 
fabricate the P3HT nanostructures by using silicone modified AAO membranes as the 
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templates, as well as testing the performance of the “ordered bulk heterojunction” 
devices. 
 
1.6 Morphology  
      It is well established that the polymer active layer morphology in such BHJs 
plays a crucial role in the final device properties. In order to fabricate high performance 
BHJ photovoltaic devices, it is critical to control the nanoscale morphology, molecular 
ordering, and interfacial properties of all components comprising the device. This also 
translates into controlling the materials properties, like charge carrier mobility and 
optical absorption.6, 24  While all the above morphologies are strongly affected by the 
preparation conditions, including the vapor pressure of the solvent29-31, the rate of 
solvent removal32, 33, the volume fractions of the components30, 34, 35, the use of chemical 
additives36-42, thermal annealing treatments43-45 and solvent annealing46-48. There has 
been a tremendous amount of research performed on the P3HT/PCBM blends system 
using a broad range of techniques to determine the morphology5, 15, 17, 19-25, yet the 
results from these studies are less than definitive and, in some cases, contradictory.  
For example, the defocused transmission electron microscopy (TEM) is the most 
common way to measure the morphology of the blend system. But recently Mackay et 
al.49 argued that the defocused TEM micrographs for a 1:1 blend of P3HT and PCBM 
and that of a pure polystyrene film were very similar, as shown in Fig 1.6. 
Consequently, arguments of spinodal phase separation of P3HT/PCBM using TEM can 
and should be questioned, since contrast can also arise from film thickness fluctuation. 
In order to provide new insights and guidance in the generation of active layers in 
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organic photovoltaics that are crucial in enhancing the device performance, developing 
methods to quantitatively characterize the morphology of P3HT: PCBM, the interfacial 
behavior between the active layer and electrodes, are essential.  
a
b
 
Figure 1.6 Defocused TEM cross-sectional images of polymer samples prepared by 
ultramicrotomy shows little difference for a variety of materials: a, a 1:1 by weight 
P3HT: PCBM blend; b, pure polystyrene. Reprint from citation 49.  
 
 
Chapter 2 of this thesis will focus on detailed descriptions of the morphologies 
and interfacial behavior in thin film blends of regio-regular poly(3-hexylthiophene) 
(P3HT) and [6,6]-phenyl C61- butyric acid methyl ester (PCBM), by multiple 
techniques. 
To better understand the physics of the photoactive layer in the OPV devices, it 
is also necessary to gain a quantitative understanding of the morphology and the manner 
in which it develops. Despite a decade of intensive research, a detailed understanding of 
the mechanism of the phase separation in the photo-active layer is still elusive. Some of 
the researchers claimed the active layer phase separation was driven by the spinodal 
decomposition50, 51; some of them thought that it was induced by surface-directed 
spinodal decomposition52; and others argued that the bicontinuous morphology of the 
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active layer was affected by the crystallization of the components of the active layer24, 53, 
54
. A key element in the kinetics associated with the morphology development is the 
interdiffusion of the components.  
Chapter 4 of this thesis will focus on understanding the phase separation 
mechanism of the active layer, by using P3HT/PCBM bilayer as a model to investigate 
the interdiffusion of the components and its role in the development of the morphology. 
A detailed description of the diffusion behavior and the morphology developed from a 
layer of P3HT in contact with a layer of PCBM during thermal annealing is given. 
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CHAPTER 2 
 
P3HT/PCBM BULK HETEROJUNCTION ORGANIC PHOTOVOLTAICS: 
CORRELATING EFFICIENCY AND MORPHOLOGY 
2.1 Introduction 
        Mixtures of light-harvesting conjugated polymers (donor) and electron-accepting 
fullerene derivatives (acceptor) offer a promising route toward the development of light-
weight, cost-effective, large-area, flexible organic photovoltaic, OPV, solar cells.1, 2 
Within these “bulk heterojunction” (BHJ) OPVs, the donor and acceptor phases should 
be bicontinuous with a characteristic length scale comparable to the exciton diffusion 
length of ~10 nm. The small size scale of the morphology minimizes the excition decay 
and generates a large interfacial area to effectively dissociate photon excitons.1, 3, 4 The 
dissociated carriers (electrons and holes), are transported to the cathode and anode, 
respectively, resulting in an external photocurrent. Clearly, the performance of such 
BHJ devices depends critically on the morphology of the photoactive layer5 and it 
remains a challenge to maximize photon absorption, charge separation and charge 
transport while maintaining the necessary size scale and continuity constraints of the 
morphology of these blends. Added to this are the segregation of components at the 
interfaces between the active layer and cathode/anode to facilitate electron/hole 
collection and minimize charge carrier recombination. In addition, the thickness of the 
active layer, usually ~100-200 nm, confined between the two electrodes interfaces place 
constraints on the morphology developed. 
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The morphology of OPVs,  within the BHJ layer and at the cathode and anode 
interfaces, are strongly affected by the preparation conditions, including the vapor 
pressure of the solvent6-8, the rate of solvent removal9, 10, the volume fractions of the 
components7, 11, 12, the use of chemical additives13-19, thermal annealing treatments20-22 
and solvent annealing23-25. There has been a tremendous amount of research performed 
on the P3HT/PCBM blends system using a broad range of techniques to determine the 
morphology5, 15, 17, 19-25, yet the results from these studies are less than definitive and, in 
some cases, contradictory.   
Here we have used multiple techniques to develop a complete, quantitative 
description of the bulk morphology and interfacial behavior in P3HT/PCBM thin films 
(~80 nm), confined and unconfined between two electrodes, where variations in the 
preparation conditions have been minimized to develop a coherent description of the 
active layer and a quantitative understanding of the relationship between the 
morphology and device performance. Small angle neutron scattering (SANS) and high 
resolution transmission electron microscopy (HRTEM) demonstrate the existence of 
bicontinuous morphology with a characteristic length scale of ~10 nm that was formed 
within seconds of annealing at 150 oC and remained relatively unchanged with 
continued annealing. Dynamic secondary ion mass spectroscopy (DSIMS) shows that 
the presence of the cathode strongly influences the interfacial segregation of the PCBM, 
and that PCBM penetrates into the PEDOT: PSS layer during annealing. Grazing 
incidence x-ray diffraction (GIXD) shows the formation of oriented crystalline domains 
of the P3HT with grain sizes commensurate with that found by electron microscopy. 
Near edge x-ray absorption fine structure (NEXAFS) reveals a re-orientation of the 
  21 
 
morphology immediately at the Al/active layer interface during thermal annealing. By 
combining these findings, a relationship between the device efficiency and the 
morphology of the active layer was developed.  
 
 2.2 Experimental 
2.2.1Materials and Methods 
 Regioregular poly(3-hexylthiophene) (Mw = 42.4 k, Mn = 21.2 k, RR = 96.8%) 
and [6,6]-phenyl-C61-butyric acid methyl ester were obtained from Konarka 
Technologies. The Deuterated PCBM, ([6,6]-Pentadeuterophenyl C61 butyric acid 
methyl ester), was purchased from Sigma-Aldrich. The indium tin oxide (ITO)-coated 
glass substrates (20 ± 5 ohms/sq) were bought from Thin Film Devices Inc.. 
 
2.2.2 Organic Solar Cell Devices Making and Testing 
 ITO coated glass substrates were cleaned through ultrasonic treatment in 
detergent, DI water, acetone, and isopropyl alcohol and then dried in an oven overnight. 
PEDOT: PSS (CLEVIOSTM P VP Al 4083) (~35 nm) was spin-coated onto ultraviolet 
ozone-treated ITO substrates. After annealing at 150 oC for 30 min in air, the substrates 
were transferred to a glove box. The P3HT (10 mg): PCBM (10 mg)/1 mL 
chlorobenzene solution was spin-coated on top of the PEDOT: PSS layer at 1000 rpm. 
The thickness of P3HT/PCBM film was ~ 80 nm (KLA-TENCOR Alpha-Step IQ 
Surface Profiler). Finally, ~100-nm-thick Al cathode was deposited (area 6 mm2) on the 
P3HT/PCBM layer under high vacuum (2×10-4 Pa) using a thermal evaporator. For 
thermal annealing, the completed devices were placed directly onto a digitally 
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controlled hot plate and heated to 150 oC for the desired time. All current-voltage (I-V) 
characteristics of the devices were measured under simulated AM1.5G irradiation (100 
mW cm-2) using a Xe lamp-based Newport 91160 300-W Solar Simulator. A Xe lamp 
equipped with an AM1.5G filter was used as the white light source. The light intensity 
was adjusted with an NREL-calibrated Si solar cell with a KG-5 filter. Quantum 
efficiency measurements were made using a 300-W Xe lamp, Acton 2150i 
monochromatic, optical chopper, and lock-in amplifier. The monochromatic beam was 
focused into an area smaller than the device area and the photon flux was determined 
using a Newport calibrated silicon photodiode.  
 
2.2.3 Focus Ion Beam (FIB) and TEM 
 TEM cross sections were prepared using an FIB/SEM system (Zeiss Auriga 
Cross Beam FIB) where a Ga+2 ion column is equipped onto a high resolution field 
emission SEM. To protect the surface layer from ion beam damage, a Pt layer of about 
150 nm was first deposited on the top surface of the device/chip through electron beam 
induced in-situ deposition. Then a second Pt layer of about 1.5 µm was deposited on top 
of the e-beam induced Pt layer via ion beam induced deposition. After Pt deposition, a 
lamella of a size around 20 µm (width) x 12 µm (depth) x 1 µm (thickness) was 
normally cut out from the bulk device/chip (perpendicular to the chip surface) and lifted 
up and welded to a TEM grid. Once the thick cross-section was mounted on a TEM 
grid, a thinning and polishing process by Ga+2 ion beam of various energies and beam 
currents were applied from both sides of the lamella. The final thickness of the 
specimen was ~ 30-40 nm. To minimize ion beam induced damage to the specimen, 2 
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keV ion beam was employed for final polishing/cleanup. The prepared TEM specimen 
was then transferred into a spherical aberration (Cs) corrected transmission electron 
microscope equipped with corrected Omega energy filter (Zeiss Libra 200 CsTEM) for 
imaging and analysis. The TEM imaging was done at beam energy of 200 keV. To 
differentiate the phase between PCBM and the surrounding polymer matrix (e.g. P3HT), 
zero-loss filtered imaging with an energy window about 5 eV was applied throughout 
the investigation.  
 
2.2.4 Electron Energy Loss Spectroscopy (EELS) 
 EELS was used for elemental analysis. In the case of the diffusion layer of 
aluminum, a spot of 1 nm in size was focused at the middle of the diffusion layer and 
the spectrum was acquired with an exposure time of 20 seconds. To ensure minimal 
sample drift, the EELS analysis was performed one hour after the specimen was inserted 
into the microscope sample chamber.  
 
2.2.5 Small-angle Neutron Scattering (SANS) 
 SANS experiments were performed at the High Flux Isotope Reactor neutron 
scattering facility at Oak Ridge National Laboratories (ORNL) (CG-2 SANS). 10 multi-
layers, each with a ~80 nm thick layer of the P3HT/PCBM blends, were stacked 
together, where the neutron beam was delivered at normal incidence to the film surface, 
placing the scattering vector in the plane of the film. 
 
 
  24 
 
2.2.6 Grazing Incidence X-ray Ddiffraction (GIXD) 
 GIXD measurements were performed on Beamline 7.3.3 at the Advanced Light 
Source at the Lawrence Berkeley National Laboratory. The experimental set-up and 
sample cell were designed for the surface studies on thin films. An X-ray beam 
impinged onto the sample at a grazing angle above and below the critical angle of the 
polymer film (αc = 0.16) but below the critical angle of the silicon substrate (αc = 0.22). 
The wavelength of X-rays used was 1.240 Å, and the scattered intensity was detected by 
using two-dimensional charge-coupled device (CCD) camera with image sizes of 2304 
x 2304 pixels. 
 
2.2.7 Near Edge X-ray Absorption Fine Structure (NEXAFS) 
NEXAFS measurements were performed on the wiggler beam line 10-1 at 
Stanford Synchrotron Radiation Laboratory, using ~80% linearly polarized light and an 
energy resolution of ~60 meV at the carbon K-edge. A cylindrical mirror analyzer was 
used to monitor the Carbon KLL Auger electrons and a picoampmeter was used to 
detect the sample current. A highly transmissive gold grid (~85%) was used to 
normalize to the incoming flux. The resulting Auger Electron Yield (AEY) and Total 
Electron Yield (TEY) was furthermore normalized by subtracting a linear pre-edge 
background and scaling such that the edge jump far above the K-edge was constant, i.e. 
normalized to the number of C atoms. Monochromator drifts were calibrated by the 
structure in the monitored incoming photon flux around 284.7 eV.26, 27  
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2.2.8 Dynamic Secondary Ion Mass Spectrometry (DSIMS) 
DSIMS measurement was done by using the SIMS system: 6650 Quadrupole 
SIMS (Physical Electronics USA, Chanhassen, MN).  Beam energy was 2 kV using Ar+ 
ions as the primary ions, and the beam diameter was 20 microns, raster was 350 
microns, accepting negatively-charged secondary ions from the center 20 percent of the 
crater area.  Samples were thin enough that no charge compensation was needed. Base 
pressure was always below 1 x 10-9 torr. 
 
2.2.9 Differential Scanning Calorimetry (DSC) 
DSC measurements were performed using a TA Instrument Q200 instrument 
under Ar purge (25mL/min). P3HT was sealed in DSC pans with different amount of 
PCBM. Samples were iniitially heated at a rate of 40°C/min from room temperature to 
270 °C, then held there for 10 min. Subsequently, the samples were cooled at a rate of 
2 °C/min to 50 °C and held at 50 oC there for 10 min. The samples were heated at a rate 
of 10 °C/min to 270 °C, and the melting point (Tm) was obtained from the on the high 
temperature side intersection of the base line with the tangent to the endotherm. Tmo is 
the melting point of the pure P3HT obtained using the same procedure.28  
 
2.3 Results and Discussion 
2.3.1 UV-Vis Absorption and Device Performance at Different Preparation 
Conditions 
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The ultraviolet-visible (UV-Vis) absorption spectra and external quantum 
efficiencies (EQE) of devices using mixtures of P3HT: PCBM (10 mg: 10 mg)/mL 
chlorobenzene are shown in Fig. 2.1 for four different preparations. The first (black line) 
is where the active layer was simply spin coated onto the PEDOT: PSS layer with no 
further thermal treatment henceforth, referred to as the “As Spun” preparation. The 
second (red line) is where the active layer on the PEDOT:PSS was annealed under a 
nitrogen atmosphere at 150 oC for 30 minutes before an 100 nm thick  Al (cathode) 
layer was evaporated on top of the active layer and, is referred to as the “Pre-Annealed” 
treatment. The third is where the Al was evaporated onto the active layer and, 
subsequently, the entire device was annealed at 150 oC for 5 seconds (blue line) and 30 
minutes (green line), referred to as “Post-Annealed”. The difference between these 
preparations is that, with the “Post-Annealed”, the active layer is confined between the 
cathode and the PEDOT: PSS layer and an interfacial energy, as opposed to a surface 
energy for the “Pre-Annealed” case, dictates the segregation of components to the 
cathode interface. The anode interface is the same in both cases. In comparison to the 
“As spun” case, the “Pre-Annealed” and “Post annealed” cause the absorption spectra of 
the active layer to red-shift, increasing the overlap with the solar spectrum. The shoulder 
centered at 605 nm, seen for all thermally annealed active layers, even after a 5 second 
annealing, arises from the crystallization of the P3HT5, 29 which further enhances the 
absorption in the visible range. The EQE spectra reflect the changes observed in the 
absorption spectra with a significant increase being seen with thermal annealing. As 
seen, the “Post Annealed” shows a dramatic enhancement in the EQE, even with only a 
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5 second annealing. The energy conversion efficiency and the short-circuit current 
density behavior parallels the EQE behavior (Table 2.1). 
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Figure 2.1 Ultraviolet-visible absorption and EQE. a, Absorption spectra of 
P3HT/PCBM blend films: “As Spun”, (black line); “Pre-Annealed” 30 min, (red line); 
“Post-Annealed” 5 sec (blue line); “Post-Annealed” 30 min’ (green line). b, EQE 
spectra of P3HT/PCBM bulk heterojunction solar cells: “As Spun”, (black line); “Pre-
Annealed”, (red line); “Post-Annealed” 5 sec (blue line); “Post-Annealed” 30 min 
(green line). 
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Table 2.1 Performance of the P3HT/PCBM BHJ photovoltaic devices. 
Voc (V) Jsc
(mA/cm2)
Fill factor 
(%)
Efficiency 
(%)
As Spun 0.50 3.53 34.56 0.61
Pre-Annealed
150 oC, 30 min
0.372 7.25 40.78 1.10
Post-annealed
150 oC, 5 s
0.556 7.57 50.75 2.14
Post-Annealed
150 oC, 30 s
0.556 8.34 56.49 2.62
Post-Annealed
150 oC, 1 min
0.548 8.12 61.58 2.74
Post-Annealed
150 oC, 5 min
0.543 8.80 60.50 2.89
Post-Annealed
150 oC, 30 min
0.573 9.11 64.51 3.37
Post-Annealed
150 oC, 60 min
0.567 9.02 64.53 3.30
 
2.3.2 Bulk Morphology of the Active Layer Thin Film and the Interfacial Behavior 
between the Active Layer and the Electrodes 
Shown in Fig 2.2 are high resolution transmission electron microscopy 
(HRTEM) images of ~35 nm cross-sections of the P3HT/PCBM active layer. Fig 2.2a 
shows the “As Spun” case where adhesive failure between the active layer and the 
PEDOT: PSS layer occurred during the preparation of the thin section. Secondly, PCBM 
and P3HT are uniformly mixed with no evidence of phase separation even at high 
magnification (inset). It should be noted that spin coating the active layer is not the same 
as blade coating where, in the latter, the slower removal of the solvent from the blend 
film can result in a phase separation of the PCBM and P3HT. In all our experiments, 
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spin coating was used. Finally, during the evaporation of the Al onto the active layer, 
there is a penetration of Al into the active layer where a ~4 nm diffusion or boundary 
layer is evident immediately adjacent to the crystalline Al layer (as evidenced by the 
lattice planes and electron energy loss spectroscopy (EELS) (Fig 2.3 a). Upon annealing 
the multilayered sample to 150 oC for 30 minutes, notable changes are observed in the 
TEM image (Fig 2.2b). First, no delamination was observed and the interface between 
the PEDOT: PSS and the active layer appears diffuse, suggesting an interdiffusion 
between these two layers. Secondly, the extent of penetration of the Al into the active 
layer remained unchanged, indicating that in the device there are isolated Al atoms or 
clusters of Al atoms near the cathode interface that can influence the device 
performance. In addition, as indicated by the arrow, the PCBM-rich phase (darker 
domain) is in contact with the cathode interface (a highly magnified image is shown in 
Fig. 2.3b). Most notably, the active layer is no longer uniform and a phase separation of 
the P3HT and PCBM into bicontinuous morphology is evident. Identical bulk 
morphology was obtained for the “Pre-Annealed” sample. Based on the electron 
densities, the darker areas are PCBM-rich, while the lighter areas are P3HT-rich. The 
average size of the domains in the active layer is ~10-15 nm which is commensurate 
with the exciton diffusion length and the bicontinuous nature of the morphology is 
necessary for the device to function. While it is tempting to argue that the morphology 
arises from a spinodal phase separation of the two components, the length scales 
observed are not commensurate with numerous past studies on the phase separation of 
polymer mixtures.30, 31 The observed morphology can also arise from a competition 
between crystallization of the P3HT, where the crystals grow at a rate GP3HT, and a 
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diffusion of the PCBM away from the growth front, characterized by the diffusion 
coefficient of the PCBM in the P3HT of DPCBM. DPCBM/ G defines δ, a length scale of 
the size of the crystals. δ will not be isotropic but dependent on G of the different crystal 
planes of the P3HT.32, 28, 33 
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Figure 2.2 HRTEM of cross-sections of P3HT/PCBM based multilayered samples. a, 
“As Spun”; b, “Post-Annealed” 30 min heating at 150 oC. The insets represent high 
magnification.  
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Figure 2.3 HRTEM of cross-setions of P3HT/PCBM based multilayered samples. a, 
“As Spun”, inset shows the EELS of the diffusion layer; b, “Post-Annealed” heating at 
150 oC. 
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 Small angle neutron scattering (SANS) offers a second means to characterize the 
bulk morphology of the active layer. Since the lengths of deuterium and carbon are 
comparable, the scattering length density of PCBM is significantly different from P3HT, 
affording a large neutron contrast.34, 35 SANS experiments were performed on a stack of 
10 multi-layers (Si/PEDOT:PSS/P3HT+PCBM/Al), each with a ~ 80 nm thick active 
layer of the P3HT/PCBM blends, where the neutron beam impinged on the stack at 
normal incidence, placing the scattering vector in the plane of the film. The silicon 
substrate and Al layer are transparent to neutrons while the PEDOT: PSS produces only 
a constant incoherent scattering background that can easily be subtracted. The SANS 
from the “As Spun” film is shown in Fig 2.4 where only a very low, weakly angularly 
dependent scattering is seen. Using Guinier’s Law, which states that I(q) = I(0)exp(-
Rg2q2/3) where I(q) is the observed scattering at q=(4/λ)sin(ε/2), where λ is the neutron 
wavelength and ε=2θ is the scattering angle, and Rg is the radius of gyration of the 
scattering particle, a value of Rg<1 nm is obtained which arises from uniformly 
dispersed PCBM, which, as would be expected, leads to a low efficiency. However, 
after only 5 seconds of heating at 150 oC, the “Post-Annealed” sample showed a 
significant increase in the SANS with a marked angular dependence. Heating this 
sample for an additional 25 seconds caused the SANS to increase further and then, with 
continued heating, the SANS increased only slightly, which indicate that the bulk 
morphology of the active layer was developed within a few seconds of annealing. 
Experiments on the “Pre-Annealed” case was done only for a sample heated to 150 oC 
for 30 minutes and showed SANS identical to that of the “Post-Annealed-30 min” 
sample, indicating that the bulk morphology of the active layer is not influenced by the 
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presence of the Al cathode and the differences in the efficiencies of the two has another 
origin. For a two-phase system the SANS can be treated using the Debye-Beuche 
equation, (I(q))-1/2 = K(a 3Q)-1(1+ a 2q2) where K is a constant, a is the correlation 
length and Q=φ1 φ2(b1-b2)2 is the scattering invariant where φi  is the volume fraction of 
phase i with a neutron scattering length density of bi. The time dependence of “a” and 
“Q” are shown in the inset of Fig 2.4 for the “Post Annealed” samples. As can be seen, 
“a” increases from ~0.5 nm initially, to ~4.6 nm after 5 seconds of heating to ~5.3 nm 
after 30 minutes of annealing at 150 oC or longer. From “a”, the chord length, i.e. the 
average size of each domain, can be calculated if the volume fractions of the phases are 
known. If we assume the volume fractions of the phases are equal to the volume 
fractions of the components (admittedly a coarse estimate), then, after 30 minutes of 
annealing, the average chords lengths for the P3HT-rich and PCBM-rich phases are ~11 
nm (Table 2.2) which are fully consistent with the HRTEM results. In addition, if the 
time dependence of Q is examined, a slight increase in Q is observed with time, 
indicating that (b1-b2) is increasing or that the purity of the phases increases with further 
annealing. This result is significant, since it means that PCBM, trapped within the P3HT 
domains, is gradually removed with time. The trapped PCBM can act as traps that will 
reduce the device efficiency and their removal from the P3HT domain will enhance 
device efficiency.  
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Figure 2.4 SANS profiles of P3HT/PCBM blend films: “As Spun”, (  ); “Pre-Annealed” 
30 min (  ); “Post-Annealed” 5 sec (  ); “Post-Annealed” 30 sec (  ); “Post-Annealed”1 
min (   ); “Post-Annealed” 5 min (  ); “Post-Annealed” 30 min (  ); “Post-Annealed” 1 hr 
(  ). The inset represents the correlation length (a) and the scattering invariant (Q) versus 
the “Post-Annealing” time. 
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Table 2.2 Values of the scattering invariant (Q), the correlation length (a) and the 
average chords length for the P3HT-rich and PCBM-rich phases obtained under 
different thermal annealing conditions.  
 
As-
Spun
Pre-
Anneal
30 min
Post-
Anneal
5 s
Post-
Anneal
30 s
Post-
Anneal
1 min
Post-
Anneal
5 min
Post-
Anneal
30 min
Post-
Anneal
1 h
Q
(10-3cm-4)
0.1 4.32 2.29 4.23 4.26 4.39 4.48 4.78
a (nm) 0.5 5.32 4.60 5.22 5.23 5.14 5.28 5.13
*LP3HT 
(nm)
/ 12.58 10.87 12.34 12.36 12.15 12.48 12.13
*LPCBM 
(nm)
/ 9.22 7.97 9.05 9.06 8.91 9.15 8.89
Volume Fraction: ФP3HT= 0.577; ФPCBM= 0.423
 
*To obtain the chord length, we assumed that the volume fractions of the phases were 
equal to the volume fractions of the components.  This is only an estimate but should 
only introduce minimal error. 
 
 
2.3.3 Crystal Orientation and Size of P3HT in the Photoactive Layer 
Grazing incidence x-ray diffraction (GIXD), shown in Fig. 2.5, was used to 
examine the ordering of the P3HT in the thin films. Experiments were performed at 
incidence angles of 0.12o, below the critical angle, to probe the near surface ordering of 
the P3HT, and at 0.18o, above the critical angle, to obtain information on the bulk 
ordering. The diffraction vector is oriented normal to the film surface so that ordering in 
that direction is studied. Experiments on the “Pre-Annealed” samples were performed 
without the Al cathode layer, while for the “Post- Annealed” samples, an aqueous CuCl2 
solution was used to remove the Al cathode. X-ray photoelectron spectroscopy (XPS) 
confirmed the absence of Cu or Al left on the surface (Fig. 2.6). The GIXD from the 
“As Spun” sample, at 0.12o and 0.18o, showed the (100) reflection, along with a weak 
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second order reflection, centered at q = 3.79 nm -1 (d=1.66 nm) and 3.71 nm-1 (d=1.69 
nm), while there was no observable (010) reflection. The (100) reflection is 
characteristic of the edge-on structure shown schematically in the figure. The absence of 
the (010) reflection, characteristic of the π-π interchain stacking , for the “As Spun” 
sample is to be expected, since the P3HT chains will be less ordered, which is consistent 
with the UV-Vis absorption (Fig.2.1). The “Pre-Annealed” sample showed a significant 
sharpening and intensification of the (100) reflection, along with the appearance of the 
(010). The (010) reflection is characteristic of the face-on structure shown schematically 
in the figure. Consequently, the ordering of the P3HT has markedly improved with 
thermal annealing, both at the surface and in the interior of the film, and there is 
evidence of both edge-on and face-on orientations of the P3HT crystals at the surface 
(cathode interface). These results are consistent with the GIXD results published by 
others.36-39 From the Scherrer’s equation38, 40 the dimensions of crystals along the (100) 
and (010) planes, determined from the full width at half-maximum of the reflections, are 
~23 nm and ~12 nm, respectively, which are consistent with the TEM and SANS results 
and suggest that one of the phases observed in those experiments can be assigned to the 
P3HT crystals.(Table 2.3) The GIXD of the “Post-Annealed” sample shows a similar 
enhancement in the ordering with comparable crystal sizes. However, from the ratio of 
the integrated intensities of the (010) to (100), it is apparent that there are more crystals 
with a face-on orientation for the “Post-Annealed” sample, compared with the “Pre-
Annealed” sample. With thin-film transistors (TFTs), this orientation gives higher hole 
mobility36, 41 and probably is of consequence for better photovoltaic device 
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performance. This enhancement in the face-on orientation is clearly a result of the 
presence of the Al cathode during thermal annealing. 
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Figure 2.5 GIXD curves of P3HT/PCBM blend films at different incident angles. “As 
Spun”; “Pre-Annealed” 30 min; “Post-Annealed” 30 min. The insets represent the 
schemes of edge-on and face-on of P3HT chains. 
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Figure 2.6 XPS of “Post-Annealed” 30 min heating at 150 oC after removing Al with an 
aqueous CuCl2 solution.  
 
Table 2.3 P3HT crystal size obtained under different thermal annealing conditions.  
Incident
angle
d(100) 
(nm)
d(010)
(nm)
FWHM 
(A-1)
(100) 
Crystal 
size (nm) 
(100)
FWHM 
(A-1)
(010) 
Crystal 
size (nm) 
(010)
As-spun 0.12o 1.66 / 0.0557 20.30 / /
0.18o 1.69 / 0.0578 19.56 / /
Pre-
annealed
-30 min
0.12o 1.67 0.38 0.0475 23.80 0.0941 12.02
0.18o 1.72 0.38 0.0484 23.36 0.089 12.70
Post-
annealed
-30min
0.12o 1.64 0.38 0.0493 22.93 0.0905 12.49
0.18o 1.67 0.38 0.0485 23.31 0.108 10.48
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2.3.4  P3HT Crystal Orientation and PCBM Segregation at the Interface 
Near-edge X-ray absorption fine structure (NEXAFS) was used to determine the 
average near-surface orientation of P3HT chains in the P3HT/PCBM films and the 
surface composition. Fig. 2.7 shows the Carbon K-edge NEXAFS spectra, measured in 
Auger (AEY) and total (TEY) electron yields, from the P3HT/PCBM active layer for 
“Pre-Annealed” and “Post-Annealed”. As with the GIXD measurements, the Al cathode 
was removed with an aqueous CuCl2 solution. The NEXAFS intensity is dominated by 
resonances arising from transitions from the 1s core level to unfilled molecular orbitals 
of π* and σ* character, which are specific to the bonding within different functional 
groups. In Fig. 2.7, the peaks at 285.0 and 286.46 eV are C=C π* resonances from 
PCBM, and the peak at 285.85 eV is the C=C π* resonance from P3HT. The broad 
features at higher energies are transitions to σ* orbitals. The spectra of the pristine 
PCBM and P3HT were used to fit the spectra of the P3HT/PCBM active layer thin-film 
mixtures weighted by the volume fraction of the components.42 43 (Figure 2.8). 
Synchrotron radiation is strongly polarized in the horizontal plane, as shown 
schematically in Fig. 2.7, so that by rotating the sample,  electric field vector of the x-
ray beam can be changed from being nearly normal to the film surface (  substrate, 
shallow incidence angle) to being nearly parallel to the film surface (  substrate, high 
incidence angles). The angular dependence of the highly symmetric π* and σ* orbitals 
can be used to determine the orientations of the functional groups,26, 44, distinguishing 
between the edge-on and face-on orientation of the P3HT chain packing. 
Moreover, the difference in probing depths between AEY (1 nm) and TEY (10 
nm) spectra provides the orientation of chains within the first nanometer and 10 nm 
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from the surface.27 In the pristine samples (Fig 2.8a), the intensity of the P3HT 1s- π* is 
strongly depending on the incident angles, indicating that pure P3HT film surface has 
more edge-on, as opposed to  face-on, orientation of the P3HT chain packing. PCBM 
show no dependence on the incidence angle, due to the spherically symmetric fullerene 
cage.42 
NEXAFS spectra from the “Pre-Annealed” sample are shown in Fig. 2.7a and 
2.7c. Both the AEY and TEY show that the π* intensity from PCBM is much weaker 
than that from P3HT, indicating that the PCBM composition, relative to P3HT, is lower 
at the film surface. This result is consistent with the neutron reflectivity results of 
Mackay et al. 35  and Parnell et al.34. The spectra also show that the amount of “edge on” 
P3HT packing is much higher than the “face on” structure in the first nanometer and 10 
nm from the surface. Consequently, annealing the active layer without the Al cathode 
present, resulted in a re-orientation of the P3HT at the surface and a reduction in the 
PCBM concentration at the surface. This can be understood in terms of the surface 
energies PCBM (38.2 mN/m)45 and P3HT (26.9 mN/m)46. 
  NEXAFS spectra from the “Post-Annealed” sample (Fig. 2.7b and 2.7d) showed 
an increase in the π* intensity from PCBM that increases with annealing time, 
indicating that PCBM segregates to the interface between the Al cathode and the active 
layer, even after only a 5 second annealing (Fig. 2.8b-g, Table. 2.4). In addition, the 
ratio of “face on” to “edge on” chain packing at the surface increases dramatically in 
comparison to the ”As Spun”  and “Pre-Annealed” samples, which is consistent with the 
GIXD data. This ratio continues to increase with the post-annealing time. It should also 
be noted that this ratio for AEY is greater than that for TEY which indicate that the 
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“face on” structure is richer at the surface than in the bulk film. The differences in the 
orientation of the P3HT and the increase in PCBM concentration at the cathode 
interface underpin the superior performance of devices prepared in this manner.  
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Figure 2.7 NEXAFS spectra of P3HT/PCBM blend films. a, AEY of “Pre-Annealed” 
30 min sample; b, AEY of “Post-Annealed” 30 min sample; c, TEY of “Pre-Annealed” 
30 min sample; d, TEY of “Post-Annealed” 30 min sample. The inset represents the 
experimental geometry: the X-rays are incident in the x-z plane with the incident angle, 
, which is measured from the sample surface. The electric field vector of the circularly 
polarized X-rays has two components,  (major) and . The polar angle  of the 
dominant component  from the surface normal is the same as the X-ray incidence 
angle. Here, we use  instead of  for the dominant electric field vector. 
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Figure 2.8 NEXAFS spectra of P3HT/PCBM blend films and the linear fitting with the 
spectra of the pure PCBM and P3HT. a, TEY spectra of pure P3HT and PCBM at 
different incident angles; b-c, TEY spectra of the “As Spun” sample and the fitting 
curves at different incident angles; d-e, TEY spectra of the “Pre-Annealed” 30 min at 
150oC sample and the fitting curves at different incident angles; f-g, TEY spectra of the 
“Post-Annealed”30 min at 150 oC sample and the fitting curves at different incident 
angles. 
 
 
Table 2.4. The near surface composition of PCBM 
As Spun Pre-
Annealed-
30 min
Post-
Annealed-
5sec
Post-
Annealed-
1 min
Post-
Annealed-
30 min
PCBM
(Vol %)
12 8 41 44 61
 
  
The variation in the composition of the active layer as a function of depth was 
measured using dynamic secondary ion mass spectroscopy  (DSIMS) using an Ar+ ion 
beam which has a depth resolution of ~5 nm. Deuterated PCBM was used to provide a 
distinct marker for the location of the PCBM, while the S signal was used to locate the 
P3HT and PEDOT: PSS. As with the GIXD and NEXAFS measurements, the Al 
cathode was removed with an aqueous CuCl2 solution. In all cases, a sacrificial layer of 
f g 
  43 
 
polystyrene was floated onto the surface of the active layer to allow a constant etching 
rate to be achieved before encountering the active layer. The difference in the etching 
rate of PCBM and P3HT (the ion beam etches P3HT twice as PCBM) and the phase 
separation of the P3HT and PCBM will give rise to a deterioration of the depth 
resolution, but the information obtained is in real space and provides a direct measure of 
the relative concentration of components.  
 Shown in Figure 2.9 are the S and D signals from the different preparations of 
the active layer. For the “As Spun” film, a depletion of the D signal, corresponding to 
the PCBM is seen at both the air surface and at the interface between the active layer 
and the PEDOT: PSS. For the “Pre-Annealed” sample, the S signal from the P3HT is 
seen to increase at the air surface while the D signal arising from the PCBM decreases, 
which is consistent with the NEXAFS and HRTEM results. In addition, a broadening of 
the interface between the PEDOT: PSS and active layer is observed for both the S and D 
signal, suggesting an interdiffusion between the active layer and the PEDOT: PSS layer. 
This is consistent with the increase in adhesion noted in the FIB and TEM experiments. 
For the “Post Annealed” sample, there is a decrease in the concentration of the P3HT at 
the cathode interface and a corresponding increase in the concentration of the PCBM. At 
the PEDOT: PSS interface, there is a broadening of the D signal arising from the PCBM 
and a slight broadening of the S signals arising from the P3HT and PEDOT: PSS, both 
indicating a diffusion of PCBM into the PEDOT: PSS layer. Shown also in Figure 2.9c 
are the results for the “Post-Annealed” sample after only 5 seconds of annealing at 150 
oC. Here, the concentration of P3HT is seen to decrease at the PEDOT: PSS interface 
while the movement of the PCBM to the cathode interface causes a depletion of the 
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P3HT near this interface. With time, these signals are seen to achieve the results in Fig 
2.9d.  Nonetheless, the surprising result here is the rapidity at which the components can 
diffuse in the layer which raises the question of the miscibility of the components. 
 Shown in Figure 2.9e are a series of inter-diffusion experiments where a 100 nm 
thick layer of P3HT was floated onto the surface of a 60 nm thick layer of PCBM. The 
solid lines are the D signal from the PCBM and the open circles are the S signals from 
the P3HT. Initially, the interface between the two layers is sharp. However, after only 5 
seconds of annealing at 150 oC, the PCBM is seen to penetrate completely through the 
P3HT layer with a signal that is constant as a function of depth. The interface between 
this mixed layer and the P3HT has moved closer to the substrate without a significant 
broadening of the interface. A diffusion coefficient of PCBM into the P3HT can be 
estimated to be at least   10-11 cm2/sec (calculated simply by using the film thickness and 
annealing time of 5 seconds) and is, more than likely, much higher. Kramer and 
coworkers47 recently investigated the interdiffusion of the PCBM and P3HT in detail 
with observations similar to that seen here. The shape of the concentration profiles of 
the P3HT and PCBM is reminiscent of a Case II diffusion of P3HT into PCBM where 
there is a sharp diffusion front preceded by a small Fickian precursor. However, 
annealing the bilayer for 5 minutes at 150 oC dispels this viewpoint. After 5 minutes the 
profile of P3HT at the interface has moved further into the PCBM and has clearly 
broadened. However, the concentration of PCBM in the P3HT has only increased 
slightly and there is no variation with depth. It should also be noted that the integrated 
signal arising from the PCBM has decreased significantly. However, the morphology of 
the P3HT more than likely holds the key to this behavior and the unusual diffusion 
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behavior. P3HT is semi-crystalline with crystalline domains of tens nanometers in size 
as evidenced by HRTEM and GIXD. P3HT crystallizes very rapidly and the grain 
boundaries between the crystals establish a pathway or framework in which the PCBM 
must diffuse. Since PCBM is quite soluble in the amorphous P3HT, it is rapidly drawn 
into these amorphous regions effectively swelling the P3HT, causing the thickness of 
the P3HT layer to increase. Some P3HT span these grain boundaries forming a network 
that limits the diffusion of the PCBM into the P3HT and the extent to which the P3HT 
can be swollen.  It should be noted that the local concentration of PCBM in these 
amorphous regions will be much higher than that observed in the DSIMS 
measurements. The constant concentration of PCBM in the P3HT layer also argues that 
the P3HT crystallizes much more rapidly than that the PCBM can diffuse. While the 
origin of the reduction in the integrated signal arising from PCBM with time is not 
known, microscopic crystals of PCBM were observed that were avoided during the 
DSIMS experiments. Such crystals can give rise to an effective reduction in the total 
amount of PCBM in DSIMS. 
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Figure 2.9 DSIMS of the P3HT/deuterated PCBM blend films. a, “As Spun”; b, “Pre-
Annealed” 30 min; c, “Post-Annealed” 5 sec; d, “Post-Annealed” 30 min; ‘S signal’ 
(red line); ‘D signal’ (black line). e, P3HT/PCBM bilayer diffusion at 150 oC at different 
time: 0 sec (black), 5 sec (red), 5 min (blue), ‘S signal’ (open circle); ‘D signal’ (solid 
line). 
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Dynamic secondary ion mass spectroscopy (DSIMS) was used to obtain the 
concentration of the different components in the P3HT/PCBM active layer as a function 
of etching times or depth on a Si substrate for a sample that was thermally annealed at 
150 °C for 30 min, which is shown in Fig 2.10. The results indicate that PCBM was 
enriched at the Si substrate interface. This result demonstrates that the active layer/Si 
interface is different from the active layer/PEDOT: PSS interface (Fig 2.9b) due to the 
differences in the interfacial energies and the fact that interdiffusion can occur between 
the active layer and the PEDOT: PSS while Si is a hard interface.  
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Figure 2.10 DSIMS of the P3HT/deuterated PCBM blend film on a silicon substrate 
annealed at 150 °C for 30 min. ‘S signal’ (red line); ‘D signal’ (black line). 
 
 
 
2.3.5 Miscibility of P3HT and PCBM Measured by DSC 
The segmental interaction parameter between P3HT and PCBM, could be 
determined from the melting point depression of P3HT with added PCBM by DSC. 
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P3HT melting point depression with adding different amount of PCBM was listed in 
Table 2.5. 
 
Table 2.5 P3HT melting point depression with adding different amount of PCBM 
PCBM
Vol (%)
0 4.47 5.99 7.54 11.46 15.49
Melting 
Point (F)
513.22 510.3 509.83 509.1 506.67 504.69
 
 
Equation 1 describes the melting point depression due to mixing of the 
crystalline polymer and a diluent. The subscript 1 identified with the diluent and 2 with 
the crystalline polymer, V is the volume fraction, Vu is the molar volume of the 
repeating unit,  is the segmental  interaction parameter, and R is the gas constant 
(8.3144 J/K.mol).48  
 
 
 
By plotting as a function of ,  can be determined from the 
slope/intercept, as shown in Fig 2.11.  As a result,   = -0.162 at 150 °C. 
Which indicating that P3HT and PCBM are quite miscible, which would argue that far 
more PCBM should be solubilized in the P3HT at 150 oC.   
 
  49 
 
 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
[(1
/T
m
-
1/
T m
o
)/V
1](
10
-
4 ) 
(K
-
1 )
(V1/Tm)(10-4) (K-1)
Intercept: a = 1.976 E-4 (K-1)
Slope: b = 0.01353
 
 
 
Figure 2.11 Plot of  as a function of  for the P3HT/PCBM, where Tm is 
the melting point of the mixtures and Tmo is the equilibrium melting point of pure 
P3HT. 
 
 
2.4 Conclusion 
In conclusion we have quantitatively demonstrated, by TEM, SANS and GIXD, 
that the P3HTand PCBM phase separate upon thermal annealing into a bicontinuous 
morphology with a characteristic length scale of ~ 10 nm domains, where crystalline 
P3HT comprises one of the domains. For the “Post-Annealed” samples, GIXD and 
NEXAFS studies revealed a re-orientation in the packing of the P3HT at the 
cathode/active layer interface that is conducive for holes to flow; NEXAFS, and DSIMS 
studies showed a segregation of PCBM to the cathode/active layer interface and an 
interdiffusion at the PEDOT: PSS interface. PCBM and P3HT are shown to be quite 
miscible and a rather unusual diffusion of the PCBM into the P3HT is observed 
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indicative of a rapid diffusion of a small molecule into a crystalline network where the 
tie chains between the crystals limit the extent to which the PCBM can swell the P3HT. 
Distinct differences, especially the interfacial behavior, were observed between active 
layers thermally annealed before or after a cathode was evaporated onto the surface, 
where the latter is more relevant for the usual fabrication of PV devices. The variations 
in the bulk morphology, interfacial behavior and spatial variation of the components can 
be directly correlated to the performance of the device. 
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CHAPTER 3 
 
BULK HETEROJUNCTION PHOTOVOLTAIC ACTIVE LAYERS VIA 
BILAYER INTERDIFFUSION 
 
3.1 Introduction 
Bulk heterojunction (BHJ) organic photovoltaic (OPV) devices are attracting 
significant attention and are regarded as the most promising technology for the plastic 
PV industry. They provide a general route to achieve large-area, low-cost, flexible and 
efficient devices due to a bicontinuous morphology that develops with a characteristic 
length scale comparable to the exciton diffusion length of ~10 nm.1-6 Significant 
progress in BHJ solar cells has been made by the synthesis of low band gap conjugated 
polymers and optimization of the device preparation conditions, including the 
application of thermal annealing treatments7-9, solvent annealing10-12, adding chemical 
additives13-19, adjusting the volume fractions of the components20-22 and controlling the 
rate of solvent evaporation23, 24. The efficiency of converting solar energy into electrical 
power within the plastic solar cells is still not high enough; the most efficient devices 
have the efficiencies of 7-8%25, 26, recently Konarka Technologies, Inc. reported the 
organic device with efficiency 8.3%. To improve the efficiency of plastic solar cells, it 
is crucial to understand and control the morphology and identify routes to optimize the 
morphology for performance.  
As in previous studies27-31, optimization of the optical absorption, charge 
mobility and interpenetrating network morphology of the active layer is critical to 
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improve the device performance. The first two factors are gradually being improved by 
molecular engineering through the synthesis of new low band gap materials with the 
balanced transport compared to PCBM. However, understanding and controlling the 
morphology is still only beginning due, in part, to the difficulty in characterizing the 
structure and morphology. To further improve the device efficiency, it is essential to 
gain a fundamental understanding of the physical properties of the conjugated polymers 
and their interactions with PCBM. It is of particular importance to understand the 
mechanism by which the morphology of the active layer develops during standard 
processing conditions and to control the multiple kinetic processes involved to achieve 
the desired morphology. The non-equilibrium state of the morphology generated by spin 
coating or other solvent casting processes and the ordering of the conjugated polymer in 
the active layer, make controlling the morphology much more complex. It is also 
imperative that we gain a quantitative understanding of the miscibility of the 
components, the purity of the phases developed, and the interdiffusion of the 
components so as to fundamentally understand the mechanism of phase separation and 
ultimately control the active layer morphology to achieve higher device performance. 
In our previous work 28 and in the work of others32-35 the interdiffusion of P3HT 
and PCBM under thermal annealing or solvent inducing was reported, yet the 
morphology developed and how diffusion enters into the development of the 
morphology by pure thermal annealing procedure has not been discussed. Here we used 
regio-regular poly(3-hexylthiophene) (P3HT) as a model conjugated polymer and [6,6]-
phenyl C61- butyric acid methyl ester (PCBM) to study the interdiffusion and phase 
separation behavior of a proto-typical OPV active layer system. Multiple techniques 
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were used to develop an understanding of the diffusion behavior between the 
P3HT/PCBM bilayer system and the morphology. Transmission electron microscopy 
(TEM), grazing incidence small angle X-ray scattering (GISAXS), resonant soft X-ray 
scattering (RSoXS)36, 37 and small angle neutron scattering (SANS) were used to 
elucidate the development of bicontinuous morphology with a characteristic length scale 
of ~10-15 nm after interdiffusion between P3HT layer and PCBM layer. This 
morphology formed very rapidly, within seconds of annealing at 150 oC, and remained 
relatively unchanged with continued annealing. Dynamic secondary ion mass 
spectroscopy (DSIMS), grazing incidence x-ray diffraction (GIXD) and resonant soft x-
ray reflectivity (RSoXR)38-42, showed that the interdiffusion between P3HT and PCBM 
layers happens with a few second and the PCBM penetrates completely through the 
P3HT layer, even if the P3HT is ordered before the diffusion. The resultant morphology 
was the same in all cases. RSoXS/RSoXR shows the clear trend of the interdiffusion of 
PCBM into the P3HT with a very short annealing time. By combining these findings, a 
phase separation mechanism is proposed. 
 
3.2 Experimental 
3.2.1 Materials and Methods 
Regioregular poly(3-hexylthiophene) (Mw = 42.4 k, Mn = 21.2 k, RR = 96.8%) 
and [6,6]-phenyl-C61-butyric acid methyl ester were obtained from Konarka 
Technologies. The Deuterated PCBM, ([6,6]-Pentadeuterophenyl C61 butyric acid 
methyl ester), was purchased from Sigma-Aldrich. The indium tin oxide (ITO)-coated 
glass substrates (20 ± 5 ohms/sq) were bought from Thin Film Devices Inc., and were 
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cleaned through ultrasonic treatment in detergent, DI water, acetone, and isopropyl 
alcohol and then dried in an oven overnight. 
 
3.2.2 Forward Devices 
 PEDOT: PSS (CLEVIOSTM P VP Al 4083) (~ 35 nm) was spin-coated onto 
ultraviolet ozone-treated ITO substrates. After annealing at 150 oC for 30 min in air, the 
substrates were transferred to a glove box. P3HT solution in chlorobenzene (20 mg/ml) 
was then spun-coated onto the PEDOT: PSS covered substrates at the speed of 1300 
rpm. The average thickness was 80 nm measured by Alpha Step IQ Surface 
Profilometer. The P3HT thin film was dried in vacuum oven overnight at room 
temperature to fully remove the residue solvent. Then the PCBM layer was spin-coated 
directly on top of the P3HT layer from a dichloromethane solution (10 mg/ml). This 
process was conducted as quickly as possible to minimize interface mixing. When the 
bilayer heterojunction was fabricated, thermal annealing was conducted at 150 oC with 
different time. A thin layer of LiF (1 nm) was fabricated on top of bilayer heterojunction 
by thermal evaporation at a speed of 0.1-0.2 Ǻ/s and in the end, a 100 nm Aluminum 
was evaporated as the cathode.  
 
3.2.3 Inverted Devices 
 ITO substrates were cleaned by conventional process and ultraviolet ozone-
treated for 10 minutes. A zinc acetate [Zn(ac)] solution (15.7 mg/ml) in 96% 2-methoxy 
ethanol and 4% ethanolamine was spin-coated at 2000 rpm onto the ITO substrates. 
These substrates were annealed at 300 oC for 5 min in air to convert Zn(ac) into ZnO. 
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The resulting film was then rinsed in de-ionized water, acetone, and isopropanol to 
remove the residue organic materials on the surface and then dried at 120 oC overnight. 
The ZnO coated substrates were ultraviolet ozone-treated for 5 minutes and a thin layer 
of PCBM was spin-coated on top from its chlorobenzene solution (20 mg/mL) at the 
speed of 1300 rpm with an average thickness of 50 nm. Then the P3HT thin film (~80 
nm) was floated onto PCBM layer. The bilayer heterojunction was washed with de-
ionized water several times and dried in vacuum overnight. Subsequently, these bilayer 
thin films were annealed at 150 oC with different time. A 10 nm of MoO3 was 
fabricated on top of the bilayer by thermal evaporation at the speed of 0.2-0.3 Ǻ /s and a 
50 nm of Au was evaporated as the anode. 
 
3.2.4 Organic Solar Cell Devices Testing 
  All the devices were measured under simulated AM1.5G irradiation (100 mW 
cm-2) using a Xe lamp-based Newport 91160 300-W Solar Simulator. A Xe lamp 
equipped with an AM1.5G filter was used as the white light source. The light intensity 
was adjusted with an NREL-calibrated Si solar cell with a KG-5 filter. The current-
voltage (I-V) characteristics were recorded using a Keithley 2400 source measure unit. 
 
3.2.5 BF-STEM and TEM-EELS 
 BF-STEM and TEM-EELS cross sections were prepared using an FIB system 
(SII NanoTechnology Inc. SMI3200F) delivering a 30 keV beam of Ga+2 ions. Carbon 
protective layer was deposited on the top surface before cutting out. The thickness of the 
specimen was ~ 100 nm. The BF-STEM analyses were carried out with Hitachi High-
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Technologies S-5500 operating at 30 kV. The TEM-EELS imaging was performed at 
beam energy of 200kV using Hitachi High-Technologies HD-2700 with EV-3000.  
 
3.2.6 Dynamic Secondary Ion Mass Spectrometry (DSIMS) 
Dynamic Secondary Ion Mass Spectrometry (DSIMS) measurement was done by 
using the SIMS system: 6650 Quadrupole SIMS (Physical Electronics USA, 
Chanhassen, MN). Beam energy was 2 kV using O2+ ions as the primary ions, and the 
beam diameter was 20 microns, raster was 250 microns, accepting negatively-charged 
secondary ions from the center 15 percent of the crater area.  Samples were thin enough 
that no charge compensation was needed. Base pressure was always below 1 x 10-9 torr. 
 
3.2.7 Small-angle Neutron Scattering (SANS) 
Small-angle Neutron Scattering (SANS) experiments were performed at the 
High Flux Isotope Reactor neutron scattering facility at Oak Ridge National 
Laboratories (ORNL) (CG-2 SANS). 10 multi-layers, were stacked together, where the 
neutron beam was delivered at normal incidence to the film surface, placing the 
scattering vector in the plane of the film. 
 
3.2.8 Grazing Incidence Small Angle X-ray Scattering (GI-SAXS) and Grazing 
Incidence X-ray Diffraction (GIXD) 
GI-SAXS and GIXD measurements were performed on Beamline 7.3.3 at the 
Advanced Light Source at the Lawrence Berkeley National Laboratory. The 
experimental set-up and sample cell were designed for the surface studies on thin films. 
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An X-ray beam impinged onto the sample at a grazing angle above and below the 
critical angle of the polymer film (αc = 0.16), but below the critical angle of the silicon 
substrate (αc = 0.22). The wavelength of X-rays used was 1.240 Å, and the scattered 
intensity was detected by using two-dimensional charge-coupled device (CCD) camera 
with image sizes of 2304 x 2304 pixels. 
 
3.2.9 Resonant Soft X-ray Scattering (RSoXS) 
RSoXS experiments were conducted at beamline 11.0.1.2. at Advanced Light 
Source (ALS), LBNL. Beamline 11.0.1.2 is a dedicated resonant soft x-ray scattering 
setup with Energy range of 100 eV – 1500 eV. The undulator source provides high flux 
and full polarization control. The energy resolution at carbon edge (~ 290 eV) is ~ 0.1 
eV. For the P3HT/PCBM bilayer samples, RSoXS experiment was performed using a 
reflection geometry (analog to GISAXS). For the P3HT:PCBM blend samples, 
transmission geometry was used for the study. The scattering intensity was at different 
x-ray energies with a high-resolution in-vacuum CCD camera (PI-MTE form Princeton 
Instrument). The resulting two-dimensional scattering data were averaged azimuthally 
to obtain intensity at each q.  
 
3.2.10 Resonant Soft X-ray Reflectivity (RSoXR) 
RSoXR measurements were performed at beamline 6.3.2 of the ALS. A channel 
electron multiplier detector was used for high S/N data collection using θ-2θ scan 
geometry. For both RSoXS/RSoXR experiments, multiple photon energies were chosen 
for tuning the contrast and specific sensitivity at different interfaces. Fresh sample area 
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was used after previous scans to avoid radiation damage and multiple scans were 
performed to improve statistics.  
 
3.3 Results and Discussion 
3.3.1 P3HT/PCBM Bilayer Preparation 
A schematic of the procedure used to prepare P3HT/PCBM bilayer is shown in 
Sheme 3.1. Pure P3HT and PCBM films were prepared by spinning coating the P3HT/ 
chlorobenzene and PCBM/chlorobenzene onto silicon wafers. The P3HT film was then 
floated onto the surface of the deionized water, then retrieved with the PCBM-coated Si 
wafer, and the P3HT/PCBM bilayer was dried in vacuum oven overnight at room 
temperature. By using this floatation method, any solvent-induced interdiffusion is 
completely avoided and only the interdiffusion of the components by thermal annealing 
is observed 34, 35. The bilayer samples were heated to 150 oC for different periods of 
time and the concentration profiles of the components was measured to assess the 
interdiffusion and the morphology developed. 
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Scheme 3.1   Schematic diagram of preparation of P3HT/PCBM bilayer 
3.3.2 Interdiffusion Behavior of  P3HT/PCBM Bilayer 
Shown in Figure 3.1 are a series of interdiffusion results for bilayers of P3HT 
(100 nm)/dPCBM (60 nm) after different annealing times at 150 oC. The DSIMS 
profiles monitor the variation in the elemental composition of a sample as a function of 
sputtering time which corresponds to depth in the film. A quantitative conversion of 
sputtering time to depth requires a calibration against that measured with the pure 
components and, while this was done, differences in the sputtering rate in the different 
components gives rise to a broadening when there are phase separated domains present. 
This is the case for P3HT and dPCBM and, as such, the profiles were left as a function 
of the sputtering time. In all the DSIMS experiments, the deuterium (D) signal (the solid 
lines) from dPCBM was used to locate the dPCBM, while the sulfur (S) signal (the solid 
star) was used as a marker for P3HT. In all cases, a sacrificial layer of polystyrene was 
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floated onto the surface of the active layer to allow the ion beam to establish a constant 
sputtering rate before etching in the active layer occurred. In Fig. 3.1a, the P3HT layer is 
the “As-Spun” film with no thermal treatment, initially, the interface between P3HT 
layer and dPCBM layer is sharp.  However, after only 5 seconds of annealing at 150 oC, 
the dPCBM is seen to penetrate completely through the P3HT layer with a signal that is 
constant as a function of depth. After 5 minutes, it shows that the P3HT layer increased 
in thickness, due to the incorporation of PCBM, but the interface has not been 
broadened. However, the concentration of PCBM in the P3HT has only increased 
slightly and there is no variation with depth. In Fig. 3.1b, the P3HT layer (~100 nm) was 
preannealed on a mica substrate at 150 oC for 5 min prior to transfer onto the dPCBM 
coated Si substrate. The diffusion behavior is essentially the same as Fig. 3.1a, the only 
difference is that the concentration of dPCBM in the P3HT for the 5 sec sample is lower 
than that for the bilayer using the “As-Spun” P3HT which is understandable, since the 
volume fraction of the amorphous P3HT is less for the pre-ordered P3HT than for the 
“As-Spun” P3HT film. These results indicate that the PCBM can diffuse into an ordered 
P3HT layer very rapidly and the average composition is a constant. In addition, the 
PCBM is highly miscible with amorphous P3HT and that must be a continuous pathway 
of amorphous P3HT throughout the P3HT film after the P3HT has ordered.  
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Figure 3.1 DSIMS of P3HT/dPCBM bilayer diffusion at 150 oC at different time a, “As 
Spun” P3HT/PCBM bilayer (after Figure 6e of ref 28); b, “Pre-Annealed” P3HT 
/PCBM bilayer; Annealed at 150 oC: 0 sec (black), 5 sec (red), 5 min (blue), ‘S signal’ 
(solid star); ‘D signal’ (solid line). 
 
3.3.3 Morphology Development from P3HT/PCBM Bilayer Diffusion 
Shown in Fig. 3.2 are TEM images of the cross-sections of the “As Spun” 
P3HT/PCBM bilayers with and without thermal annealing for 5 sec at 150 oC. The 
initial “As Spun” P3HT/PCBM bilayer sample shows a sharp interface between the two 
layers (Figure 3.2a), while, once the bilayer sample was annealed for only 5 sec, 
diffusion occurred and a bicontinuous morphology spans the entire film with domains 
~10-15 nm in size (Figure 3.2b). This is virtually identical to the morphology obtained 
for a bulk P3HT/PCBM mixture after thermal annealing28. Figure 3.2a and 3.2b were 
taken in the scanning transmission electron microscopy (STEM) bright field mode. To 
confirm that the morphology developed in the “5 s” sample consists of P3HT-rich and 
PCBM-rich domains, electron energy loss spectroscopy (EELS) was used to obtain the 
TEM image. Figure 3.2c is the S-core loss image, where the brighter regions are the 
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P3HT-rich domains, while the darker regions are the PCBM-rich region, since S is 
found only in the P3HT. Figure 3.2d is the C- core loss image. Here, the brighter regions 
are the PCBM-rich domains, while the darker regions are the P3HT-rich domains, since 
the density of carbon in PCBM is much higher than in P3HT. Figure 3.2e, an overlap of 
the images in Figure 3.2c and 3.2d, is uniform in the P3HT/PCBM layer as would be 
expected due to the complementarity of the domains. Figure 3.2b, 3.2c and 3.2d indicate 
that the bicontinuous morphology develops in a few seconds of annealing at 150 oC for 
the “As Spun” P3HT/PCBM bilayer sample. Also, it can be seen that PCBM penetrates 
completely through the P3HT layer, which is consistent with DSIMS results. 
a b
Overlap imageS core loss image C core loss image
Protective layer (Carbon )
Si Wafer  
BHJ layer
Protective layer (Carbon ) Protective layer (Carbon )
BHJ layer
Si Wafer  Si Wafer  
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c d e
Protective layer (Carbon ) Protective layer (Carbon )
BHJ layerP3HT layer
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Figure 3.2 TEM of cross-sections of “As Spun” P3HT/PCBM bilayer diffusion at 150 
oC for different time. a, Bright field STEM, annealed for “0 s”; b, Bright field STEM, 
annealed for “5 s”; c, S core loss image, annealed for “5 s”; d, C core loss image, 
annealed for “5 s”; e, Overlap image of image “c” and “d”. 
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GIXD, Shown in Fig. 3.3a, was used to determine the ordering of the P3HT in 
the thin films. 0.18o was used as the incidence angle, which is above the critical angle 
(0.16o), to probe the bulk ordering of the P3HT. The data shown in Figure 3.3 is the out-
of-plane scattering, i.e. characterizing the ordering normal to the sample surface. The 
GIXD profiles from both the “Pure P3HT film” and the “As Spun” P3HT/PCBM bilayer 
sample (Figure 3.3a) show the (100) reflection, along with a second (200) and a third 
order (300) reflections, which indicate that the edge-on crystal structure is prevalent in 
these samples28. The reflections get stronger and sharper with increasing annealing time. 
By using the Scherrer’s equation43, 44 the sizes of crystals along the (100) direction, can 
be determined from the full width at half-maximum of the reflections, and are 
summarized in Table 3.1. The crystal size increases from ~19 nm to ~25 nm with 
increasing annealing time. The reflections from the “Pre-Annealed” P3HT /PCBM 
bilayer sample do not change much with annealing time, which indicates that the P3HT 
chain packing has already developed fully during the preannealing process and the 
crystal size remained constant at ~ 25 nm. These results show that the diffusion of the 
PCBM into the P3HT did not disrupt the morphology established by the P3HT. The 
crystal size is very close to the domain size measured by TEM, which suggests that one 
of the phases in the active layer observed in TEM experiments, is a highly ordered 
P3HT phase. The GIXD results in Figure 3.3b, obtained below the critical angle (0.12o), 
were used to characterize the ordering of the P3HT at the surface of the film, i.e. within 
the first ~10 nm from the surface. For the “As Spun” P3HT/PCBM bilayer sample and 
the “Pre-Annealed” P3HT /PCBM bilayer sample, without thermal annealing, there are 
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no interference arising from PCBM, since the thickness of the P3HT layer is ~100 nm. 
After annealing the bilayers at 150 oC for only 5 sec, an interference arising from the 
PCBM (q = 1.41 Å-1) was observed, which indicates that PCBM has penetrated through 
the entire P3HT layer, even the “Pre-annealed” P3HT layer, within a few seconds, 
which is consistent with the DISIMS and TEM data. The GIXD data also indicate that 
the PCBM diffusion within the P3HT film must happen in the amorphous P3HT 
regions, since the GIXD arising from the P3HT has remained unchanged during the 
PCBM diffusion. The fact that the morphology of the P3HT/PCBM layer is the same, 
whether the PCBM is diffused into the P3HT after the P3HT was ordered or if the P3HT 
was ordered from a homogenous mixture of P3HT and PCBM is noteworthy28, and 
opens an interesting route to generate the bulk heterojunction (BHJ) morphology by a 
simple diffusion of the PCBM into the P3HT. This process also imparts control over the 
distribution of the PCBM in the P3HT and enables the specific placement of a PCBM-
rich layer at the cathode interface. 
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Figure 3.3 GIXD curves of P3HT/PCBM bilayers annealed at 150 oC for different time. 
“Pure P3HT layer”; “As Spun” P3HT/PCBM bilayer; “Pre-Annealed” P3HT/PCBM 
bilayer. a, Incident angle = 0.18o; b, Incident angle = 0.12o 
 
 
 
Table 3.1 FWHM and crystal sizes of the P3HT annealed at 150 oC for different time 
Pure P3HT Layer “As Spun” P3HT/PCBM Bilayer
“Pre-Annealed”
P3HT/PCBM Bilayer
Annealed
time 0 s 5 s 5 min 0 s 5 s 5 min 0 s 5 s 5 min
FWHM 
(100) A-1 0.0596 0.0510 0.0461 0.0605 0.0494 0.0437 0.0443 0.0462 0.0447
Crystal
size (100) 
(nm) 
19.0 22.1 24.6 18.7 22.9 25.9 25.5 24.5 25.3
 
 
Grazing incidence small angle X-ray scattering (GISAXS) and resonant soft X-
ray scattering (RSoXS) were used to monitor the morphology development of the 
P3HT/PCBM bilayer samples with thermal annealing at 150 oC. Figure 3.4 shows the 
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in-plane scattering, where the scattering vector is oriented is in the plane of the film. 
The electron density difference between the P3HT and PCBM provides sufficient 
contrast to observe the scattering arising from the phase separated morphology. In 
Figure 3.4a the GISAXS from, the “As Spun” P3HT /PCBM bilayer sample shows a 
monotonically decreasing profile in the initial bilayer sample. When the sample was 
annealed at 150 oC for only 5 sec, a peak in the GISAXS profile is seen at q=0.028 Å-1. 
With continued annealing at 150 oC for 5 minutes, the maximum in the scattering gets 
more intense and shifts slightly to the lower q, due to the incorporation of the PCBM 
into P3HT. This trend is much more obvious in the “Pre-Annealed” P3HT/PCBM 
bilayer sample. These results indicate the bicontinuous morphology was developed 
within a few seconds and the sizes of the domains did not change much with annealing 
time. The increase in the intensity suggests that the phases become more pure with time, 
i.e. the electron density difference between the domains is increasing. These samples 
were also investigated with R-SoXS (Figure 3.4d). A photon energy of 283 eV was used 
to provide maximum contrast between the P3HT-rich phase and the PCBM-rich phase. 
The scattering profiles are consistent with the GISAXS data (Figure 3.4a). From the 
peak position in the GISAXS and R-SoXS profiles, an average domain size of ~11 nm 
is found. For the “Pre-Annealed” P3HT/PCBM bilayer sample, both the GISAXS 
(Figure 3.4b) and R-SOXS (Figure 3.4e) scattering profiles were essentially the same as 
those from the “As-Spun” P3HT/PCBM bilayer. The scattering from the “Pre-
Annealed” P3HT/PCBM bilayer (5 sec) is slightly lower compared with the “As Spun” 
P3HT/PCBM bilayer (5 sec), due simply to the lower concentration of PCBM in the 
P3HT, which is consistent with the DSIMS data.  These results indicate that PCBM can 
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even penetrate through the pre-ordered P3HT very rapidly without perturbing the 
bicontinuous morphology and that the PCBM must diffuse into the P3HT film at the 
grain boundaries between the ordered P3HT without perturbing the ordering of the 
P3HT. The GISAXS and R-SoXS profiles for the P3HT/PCBM blend samples are 
shown in Figure 3.4c and Figure 3.4f, respectively.  These data show a broader 
maximum, centered at q=0.018 Å-1 with an average domain size ~17 nm, compared with 
the bilayer interdiffusion samples.  
The RSoXR (Figure 3.4g, h, and i) was used to characterize the diffusion of 
PCBM into the P3HT. Specular x-ray reflectivity measures the electron density profiles 
normal to the sample surface, and with RSoXR, the energy can be tuned to enhance the 
contrast for specific elements in the sample and, as such, can provide information on the 
concentration profiles normal to the film surface. RSoXR data was taken at 283 eV for 
to enhance the contrast at the P3HT/PCBM interface. Figure 4g shows the RSoXR form 
the “As Spun” P3HT/PCBM bilayer sample. Kiessig fringes with two distinct fringe 
spacing were observed, which arise from interferences from the Vacuum/P3HT and 
PCBM/Si interfaces. The dominant fringe spacing is ~ 0.04 nm-1, which correspond to 
the thickness of the total bilayer of ~ 163 nm. Smaller fringes are seen at lower q (< 0.3 
nm-1) that damped at higher q goes higher, indicating that the surface of the P3HT in the 
bilayer is rough. The larger fringes, with a spacing of ~0.09 nm-1 are due to interferences 
from the P3HT/PCBM, PCBM/Si interfaces, yields a PCBM film thickness of ~70 nm. 
The fringes amplitude is damped at higher q which is characteristic of the roughness at 
the P3HT/PCBM interface. After annealing for 5 seconds, the smaller fringes are getting 
more visible at higher q, this indicating that bilayer surface becomes smoother, which 
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would be expected. On the other hand, the amplitude of the larger fringes has decreased 
significantly, indicating a reduction in the electron density differences at the interfaces, 
which would be expected if the PCBM diffused further through the P3HT layer. The 
fact that the interferences have sharpened also indicates that the interface between the 
P3HT and PCBM has remained sharp. After further annealing for 5 minutes, the small 
fringes corresponding to the bilayer become a bit more evident, in comparison to those 
measured at 5 seconds, and the large fringes (PCBM) completely disappeared. These 
results clearly show that the bilayer nature of the sample has vanished, due to the 
complete interdiffusion of the P3HT and PCBM and that a uniform layer is formed.  
Figure 3.4h shows the RSoXR form the “Pre-Annealed” P3HT/PCBM bilayer” 
sample. The initial bilayer shows Kiessig fringes corresponding to both the bilayer and 
PCBM bottom layer. The higher frequency fringes, corresponding to  the bilayer, are 
much sharper and more clear at a higher q, in comparison to the “As-Spun” 
P3HT/PCBM bilayer discussed above, which indicates that the preannealed P3HT has a 
much smoother surface and sharper interface with PCBM. The latter is also reflected in 
the persistence of the lower frequency fringes out to higher q. After 5 sec of annealing, 
the PCBM has diffused into the P3HT, reducing the amplitude of the fringes at higher q. 
In this case, though, the bilayer surface appears to have roughened. Further annealing 
for 5 minutes results in a loss of all the fringes, indicating the full penetration of PCBM 
into the P3HT. Figure 3.4i shows the RSoXR form the “P3HT: PCBM blend” sample. 
As would be expected for a uniform thin film, Kiessig fringes with one frequency are 
seen, corresponding to a film thickness of ~ 101 nm. With annealing, the fringes 
become sharper, indicating that the film has become smoother with annealing.  
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Figure 3.4 GISAXS, R-SoXS, RSoXR of P3HT/PCBM bilayer and P3HT/PCBM blend 
annealed at 150 oC at different time. a, GISAXS of “As Spun” P3HT/PCBM bilayer; b, 
GISAXS of “Pre-Annealed” P3HT/PCBM bilayer; c, GISAXS of P3HT:PCBM blend; 
d, R-SoXS of “As Spun” P3HT/PCBM bilayer; e, R-SoXS of “Pre-Annealed” 
P3HT/PCBM bilayer; f, R-SoXS of P3HT:PCBM blend; g, RSoXR of “As Spun” 
P3HT/PCBM bilayer; h, RSoXR of “Pre-Annealed” P3HT/PCBM bilayer; i, RSoXR of 
P3HT:PCBM blend;  Annealed at 150 oC: 0 sec (black), 5 sec (red), 5 min (blue). 
 
 
Small angle neutron scattering (SANS) offers another means to characterize the 
bulk morphology of the biayers. The previous studies28, 45, 46 have already shown that the 
scattering length density of PCBM is significantly different from P3HT, which provide a 
large neutron contrast between the P3HT rich and PCBM rich domain. Since the 
neutron beam impinges on the sample at normal incidence, the diffraction vector is in 
  74 
 
the plane of the film which corresponds to the same direction as that observed in the 
transmission RSoXS experiments. The SANS from the “0 s” bilayer sample is shown in 
Fig. 3.5 where monotonically decreasing profile was observed. If the interface between 
the P3HT and PCBM was infinitely sharp, with the exception of an angularly 
independent incoherent scattering, there should be no SANS. The scattering observed 
can have two origins. The first is non-uniformities in the PCBM layer, while the second 
is roughness at the PCBM/P3HT interface, were height fluctuations at the interface will 
give rise to in-plane correlation in the neutron scattering length density (Figure 3.6). 
However, after only 5 seconds of heating at 150 oC, a significant increase in the SANS 
is seen and a shoulder at q ~ 2.8×10-2Å-1 is observed. This corresponds to an average 
domain size of 11.2 nm was found. These results are in good agreement with the results 
by other methods. Further heating the bilayer sample (5 min) lead to a slight increase in 
the SANS intensity, while the peak position only shifts slightly to the lower q. Again, 
the SANS results show that the morphology develops very rapidly and that the dominant 
change with further annealing is a purification of the domains. 
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Figure 3.5 SANS profiles of “As Spun” P3HT/PCBM bilayer diffusion at 150 oC at 
different time.  “0 s”, (black triangle); 5 sec (red triangle); 5 min (blue triangle).  
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Figure 3.6  Surface roughness of PCBM film (AFM) 
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3.3.4 Device Performance Based on P3HT/PCBM Bilayer 
Photovoltaic devices with both conventional and inverted structures using the 
bilayer-annealing preparation method were prepared. For the forward device, a PEDOT: 
PSS layer was cast onto ITO glass. Then, an 80 nm layer of P3HT was cast from 
chlorobenzene solutions onto the PEDOT: PSS and dried in vacuum at room 
temperature overnight. After that, the PCBM solution in dichloromethane was spin-
coated onto the P3HT layer as rapidly as possible to form a PCBM layer. The bilayer 
structure was then annealed at 150 oC for different times. A control device (P3HT: 
PCBM blend) was fabricated by the normal BHJ device fabrication process. A thin layer 
of LiF and Al was then evaporated onto the surface as the cathode. The device 
performances are summarized in Figure 3.7a and Table 3.2. It is clear that the originally 
formed bilayer is not optimal, as would be expected, characterized by a relatively small 
Voc and Jsc. Yet, after only  a few seconds of annealing at 150 oC the device performance 
is dramatically improved (both Voc and Jsc), which correlates well with the development 
of a two-phase morphology with the diffusion of PCBM into the P3HT layer to forms 
the standard bulk heterojunction structure. The device annealed for 30s showed the best 
performance, close to that of the bulk heterojunction control device, which may be a 
result of the purification of the phases as indicated by the results from different 
techniques. 
While the device prepared from the “As-Spun” bilayer shows the diffusion 
induced bulk heterojunction morphology, there may be some mixing at the 
P3HT/PCBM interface during the spin-coating PCBM layer, since DCM is a marginal 
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solvent for P3HT and it could dissolve low molecular weight P3HT and swell the P3HT 
film.34 Therefore, inverted bilayer devices were prepared using the floatation method to 
avoid this possibility. A ZnO layer was prepared on ITO glass using a previously 
reported process.47 PCBM was directly spin-coated onto the ZnO layer and then 
annealed at 150 oC for 2 minute to remove residual solvent. Subsequently, a P3HT thin 
film was floated onto the PCBM layer as described previously. The bilayer was dried in 
vacuum overnight at room temperature.  The bilayer device was annealed at 150 oC for 
different periods of time and then thin layers of MoO3 and Au were evaporated onto the 
surface to form the anode. The device data is summarized in Figure 3.7b and Table 3.2. 
These devices showed the same trend as the “As-Spun” bilayer devices. While the 
unannealed device showed a very small Jsc, after only a few seconds of annealing, 
markedly improvements in the Jsc, were observed, due to the formation of the BHJ 
structure. It was also found that the dark current increased for the annealed devices, due 
to the formation of the interpenetrating morphology and ordering of the P3HT (Figure 
3.8). 
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Figure 3.7  Devices based on P3HT/PCBM bilayer: a, Forward devices; b, Inverted 
devices. 
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Table 3.2. Summary of Device Performance 
 
  VOC 
(V)  
JSC  
(mA/cm2)  
FF  
(%)  
PCE  
(%)  
 
 
Foward 
device 
Blend 
(5min) 
0.56  7.11  62.07  2.47  
0s  0.36  3.57  47.79  0.61  
5s  0.50  7.25  58.50  2.12  
30s  0.50  8.16  59.06  2.41  
5min  0.54  6.95  59.45  2.24  
 
Inverted 
device 
Blend 
(5min) 
0.53   6.12  54.46   1.77  
0s  0.39    1.13  53.90  0.24  
5s  0.54    4.10  51.53  1.13  
30s  0.55    5.80  54.13  1.72  
5min  0.51    6.42  48.53  1.59  
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Figure 3.8 Dark currents based on P3HT/PCBM bilayer after different thermal 
annealing time at 150 oC. 
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3.3.5 Mechanism of P3HT/PCBM Bilayer Diffusion 
Based on the results reported here, we can propose a mechanism for the 
diffusion of the PCBM into the P3HT. First, whether the P3HT is initially ordered or 
not, the resultant morphology is the same. Consequently, we can conclude that the 
ordering of the P3HT occurs on a time scale that is much more rapid that the diffusion 
of the PCBM into the P3HT. Therefore, the PCBM must diffuse into a framework 
established by the ordered domains of the P3HT. Secondly, the diffusion of the PCBM 
into the P3HT does not disrupt the ordered regions of the P3HT, as evidenced by GIXD 
and the fundamental size scales of the domains remains constant, as evidenced by the 
GISAXS, R-SoXS and SANS results. Consequently, the PCBM must diffuse into 
disordered regions along the grain boundaries between the ordered P3HT domains. 
Thirdly, the PCBM rapidly diffuses into the P3HT layer where the concentration does 
not vary with depth and the interface between the P3HT and PCBM remains sharp. 
Fourthly, measurements of the melting point depression clearly indicate that PCBM is 
very soluble in the amorphous or molten P3HT28. So, shown in Scheme 3.2, grain 
boundaries are formed when the P3HT nucleates and orders into domains that are tens 
of nanometers in size, due to the truncation with other ordered P3HT growth fronts. The 
PCBM then diffuses rapidly into this inter-granular network, driven by the high 
solubility of PCBM in P3HT and, possibly, capillary force. Since the total volume 
available for the diffusion is small, the penetration of the P3HT occurs very rapidly 
without a significant swelling of the P3HT layer. When the PCBM reaches the air 
surface, the PCBM can crystallize, as was evidenced in studies from our own 
laboratories and others. In addition, since the concentration of the PCBM would be high 
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in the inter-granular regions, the PCBM can, with time, crystallize, causing deterioration 
in the performance of the active layer which has also been observed previous.   
One final point that needs to be addressed is the similarity in the morphologies 
of the mixtures and that obtained by diffusing the PCBM into a pre-ordered P3HT. The 
only real difference is that, in the case of the mixtures, the size of the domains is 
somewhat larger. It is apparent that the morphology observed in the P3HT/PCBM 
system arises from the ordering of the P3HT and the rejection of the PCBM from the 
growth front of the P3HT crystal. While the ratio of the diffusion coefficient to the 
growth rate yields a characteristic distance, one must also consider the nucleation 
density. The fact that the blend films have a larger characteristic size scale can easily be 
attributed to a reduction in the nucleation density, thereby giving rise to the larger 
domains. It is apparent, though, that a phase separation mechanism, like spinodal phase 
separation, cannot account for the observations here.   
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Scheme 3.2  Schematic diagram of the mechanism of P3HT/PCBM bilayer diffusion: a, 
“As Spun” P3HT/PCBM bilayer; b, P3HT crystallizes after short time thermal 
annealing; c, PCBM diffuses into P3HT film through the P3HT amorphous domains.  
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3.4 Conclusion 
In summary, amorphous P3HT and PCBM are shown to be highly miscible at 
150 oC. In the P3HT/PCBM bilayer sample, PCBM can completely diffuse into the 
P3HT layer, even a pre-ordered P3HT layer, without perturbing the ordering of the 
P3HT. A bulk heterojunction morphology was developed by the diffusion of the PCBM 
into the P3HT after annealing at 150 oC for only a few seconds, which is similar to 
conventional BHJ morphology. This finding provides a new method to fabricate BHJ 
solar cells devices, which can also be applied to layer to layer lamination and roll to roll 
processes. 
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                                                          CHAPTER 4 
P3HT NANOPILLARS AND SAWTOOTHED SURFACES FOR ORGANIC 
PHOTOVOLTAIC DEVICES NANOIMPRINTED BY AAO MEMBRANES AND 
SAPPHIRE TEMPLATES 
 
4.1 Introduction 
During the past decade, organic photovoltaics (OPVs), based on conjugated 
polymers, have become particularly attractive due to their ease of processing, 
mechanical flexibility, and low cost for fabricating large area devices.1, 2 In OPVs the 
dissociated free charges (electrons and holes) are created at the interface between the 
donor (e-donor) and acceptor (e-acceptor) phases, then transported to their respective 
electrodes, and form the external circuit. Therefore, increasing the interfacial area 
between the e-donor and e-acceptor phases, and limiting the morphology of the 
heterojunction to the nanoscale are critical for improving the device performance, since 
the excition diffusion length in the conjugated polymer is limited to ~ 10 nm.3-5  In the 
last decade, significant progress has been made in OPV research with the introduction 
of bulk heterojunction (BHJ) systems. In the BHJ system the heterojunction area is 
increased and, if the domain sizes can be maintained on the tens of nanometer size 
scale, there would be a substantial increase in the interfacial area and the domain sizes 
would be commensurate with the exciton diffusion length. Although significant 
progress has been made in the last decade, the efficiency of converting solar energy into 
  88 
 
electrical power with plastic solar cells is still not high enough; the most efficient 
devices have efficiencies of 8.3% by Konarka Technologies, Inc..  
Control over the size scale of the morphology in the active  layer can be achieved by 
thermal annealing6-9, solvent annealing10-12, controlling solution concentration13, 14 and 
composition, adding additives15-19, electrospinning20, and nanoimprint lithography21-25. 
Four different OPV devices have been proposed previously. These are: (1) 
single-layer PV cell; (2) bilayer PV cell; (3) disordered bulk heterojunction (the most 
polular one); (4) ordered bulk heterojunction.26  An “ordered bulk heterojunction”, 
consisting of vertically aligned conjugated polymer nanorods surrounded by the e-
acceptor materials to form the ordered bicontinuous heterojunction morphology, has 
been proposed as the ideal morphology for the active layer.27, 28 
Several groups have used nanoimprint lithography (NIL) to produce the polymer 
nanostructures by using a Si mold22, 24, 25. While making the Si mold with nanometer 
pore size is expensive, anodic aluminum oxide (AAO) membranes, widely used as 
templates for fabrication of polymer-based nanostructures, including nanotubes,29, 30 
nanorods,31-34 mesoporous nanostructures,35, 36 and vesicles,37  provide an inexpensive 
and effective platform. AAO membranes characteristically have a well-defined pore 
sizes (ranging from 8-500 nm diameter, depending on the anodization conditions) with a 
narrow pore size distribution, arranged in a hexagonal manner.38 The surface properties 
can also be tuned by chemically modifying the surface, taking advantage of hydroxyl 
groups on the surface of the walls.39 AAO template have been used to fabricate poly(3-
hexylthiophene) (P3HT) nanopillars23, 40, but the template removal process will dissolve 
the PEDOT:PSS layer, leave impurities on the active layer, and in addition to these, the 
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base or acidic solution used to remove the template will deleteriously affect the device 
performance. 
To solve these problems, we present a simple, cost-effective method to fabricate 
P3HT naonostructures by using the template method. Free-standing nanorod arrays and 
sawtooth patterns of P3HT were fabricated on ITO/glass substrates by using AAO 
membranes and mis-cut sapphire crystals as templates, respectively. Two methods were 
applied: (1) P3HT was forced into the nanopores of the AAO template by thermal 
imprinting, then the template was dissolved by treatment of a 5 wt% NaOH/H2O 
solution to release the P3HT nanoarrays, then freeze-drying was applied to sublime the 
ice under high vacuum conditions in order to obtain the free-standing P3HT nanoarrays 
without collapse; (2) AAO templates and sapphire patterns were modified by silicone to 
reduce the surface energy of the templates and, after thermal imprinting, the templates 
were removed easily and the nanorods/nanosawtooth patterns were successfully 
replicated on the P3HT thin film, which were then used to fabricate the OPV devices. 
 
4.2 Experimental 
4.2.1 Materials and Methods 
Regioregular poly(3-hexylthiophene) (Mw = 42.4 k, Mn = 21.2 k, RR = 96.8%) 
and [6,6]-phenyl-C61-butyric acid methyl ester were obtained from Konarka 
Technologies. DMS-T22 was purchased from Gelest, Inc. The indium tin oxide (ITO)-
coated glass substrates (20 ± 5 ohms/sq) were bought from Thin Film Devices Inc.. 
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4.2.2 The Preparation of Anodic Aluminum Oxide (AAO) Membranes 
The AAO templates were prepared, according to published methods38, by the 
two-step anodization process developed by Masuda et al. At first, a high-purity 
aluminum sheet (99.999%, 0.25 mm thick) was polished by the grinder “PowerPro 
3000”. Then the sample was sonicated in water and rinsed in an acetone solution. 
Subsequently, the aluminum sheet was anodized at 40 V in 0.3 mol/L oxalic acid at 17 
oC for 5 h. After the resultant aluminum oxide film was chemically etched in a mixture 
of phosphoric and chromic acid, the second anodization was performed for different 
time intervals ranging from 60 s to 120 s, which can control the pore length in the AAO 
templates. Pore widening was performed using aqueous phosphoric acid (5 wt %) at 25 
°C for a defined time. The nanopore center-to-center distance is ~110 nm and the 
diameter is around 60 nm after the pore-widening process by using phosphoric acid. 
Smaller pore sizes (~30 nm) can be made by performing the anodization at 25 V in 0.3 
mol/L sulfuric solution at 4 oC.  
 
4.2.3 The Surface Modification of the Anodic Aluminum Oxide (AAO) Membranes 
 AAO and sapphire templates were immersed in DMS-T22 at 150 oC for 2 days, 
subsequently rinsed with toluene, acetone, ethanol and DI water. Finally the substrates 
were dried. 
 
4.2.4 Contact Angle Measurements 
 Contact angle measurements were performed using a tensiometer (OCA 20, 
Future Digital Scientific Co., Garden City NY) and a syringe with a 24-gauge flat-tipped 
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needle. Dynamic advancing (θA) and receding angles (θR) were recorded while Milli-Q 
water was added to and withdrawn from the drop, respectively.  
 
4.2.5 Fabrication of P3HT Nanoarrays 
 A 2 wt% P3HT chlorobenzene solution was spin-coated on silicon wafers or 
ITO glass substrates which have been treated with O2-plasma, at 4000 rpm for 1 min. At 
the same time, a 2 wt% P3HT solution in chlorobenzene was spin coated onto the AAO 
templates with an underlying aluminum substrate at 1000 rpm for 1 min, and dried 
under vacuum at room temperature. Then, both substrates coated with P3HT (one from 
the AAO template and the other from the silicon wafer or ITO glass substrates) were put 
facing each other in order to allow the P3HTs layers to interdiffuse, forming a single 
layer. Then, the sample was sandwiched between two glass slides and clamped together. 
To get better contact between the AAO template and the silicon or ITO substrate, a 5 
mm thick PDMS was inserted between the AAO template and the outside glass slide. 
Under vacuum conditions, the sample was heated up to 230 °C and annealed for 10 min 
at that temperature. After the sample was cooled to the room temperature, the top 
alumina layer was carefully removed by sand paper, and then the sample was immersed 
in 5 wt% CuCl2/H2O solution for about 20 min to completely dissolve the Al layer. 
Subsequently, the alumina template was removed using a 5 wt% NaOH/H2O solution to 
release the P3HT nanoarrays. The substrate with P3HT nanoarrays was immersed in 
water (10 mins), EtOH/H2O (1:1) (20 mins) and isopropanol (IPA)/H2O (1:1) (20 mins) 
to remove the residue of sodium and aluminum hydroxide. Finally, the sample was 
transferred to a 20 mL vial filled with 1 mL IPA/H2O (1:1), and frozen by liquid N2. 
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The IPA and water was removed by subliming the ice under high vacuum conditions. 
IPA was used to make the P3HT nanorods stand normal to the surface due to their low 
surface energy and low volume expansion when it was frozen.  
A 2 wt% P3HT solution in chlorobenzene was spin-coated on PEDOT: PSS coated 
silicon wafers or ITO glass substrates at 1000 rpm for 1 min. Then the silicone modified 
AAO membrane with the underlying aluminum substrates or sapphire templates were 
brought together with the P3HT coated substrates, sandwiched facing each other 
between two glass slides and clamped together. To get better contact between AAO 
template and the P3HT coated silicon or ITO substrate, a 5 mm thick PDMS was 
inserted between the AAO template and the outside glass slide. The sample was heated 
to 230 °C under vacuum and annealed for 5 mins at that temperature. After the sample 
cooled down to room temperature, the templates were easily demolded, leaving the 
nanostructure behind on the P3TH thin film. 
 
4.2.6 Organic Solar Cell Devices Fabrication and Testing 
 ITO coated glass substrates were cleaned through ultrasonication treatment in 
detergent, DI water, acetone, and isopropyl alcohol and then dried in an oven overnight. 
PEDOT: PSS (CLEVIOSTM P VP Al 4083) (~ 35 nm) was spin-coated onto ultraviolet 
ozone-treated ITO substrates. After annealing at 150 oC for 30 min in air, the substrates 
were transferred to a glove box. P3HT thin films were spin coated onto the substrates 
where the thickness of the P3HT film was ~ 180 nm (KLA-TENCOR Alpha-Step IQ 
Surface Profiler). Nanostructured P3HT surfaces were prepared by the NIL method 
described above. The PCBM layer was spin-coated directly on top of the P3HT 
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nanostructured layer from a dichloromethane solution (10 mg/ml). This process was 
conducted as rapidly as possible to minimize interfacial mixing. Afterwards, a thin 
(~100 nm) layer of aluminum was thermally evaporated under high vacuum (2×10-4 Pa) 
onto the surface (area 6 mm2) as the cathode. The preparation procedure is shown in the 
Scheme 4.1. All current-voltage (I-V) characteristics of the devices were measured 
under simulated AM1.5G irradiation (100 mW cm-2) using a Xe lamp-based Newport 
91160 300-W Solar Simulator as the white light source. The light intensity was adjusted 
with an NREL-calibrated Si solar cell with a KG-5 filter.  
 
4.2.7 Scanning Electron Microscopy (SEM) 
 The FEI Magellan 400 Field Emission Scanning Electron Microscope was used 
to investigate the polymer nanostructures. All samples were coated with 3 nm Au before 
performing SEM measurements.  
 
4.2.8 Transmission Electron Microscopy (TEM) 
Bright field transmission electron microscopy (TEM) studies were conducted 
with a JEOL 2000 FX TEM operating at an accelerating voltage of 200 kV.  
 
4.2.9 Grazing Incidence X-ray Diffraction (GIXD)  
GIXD measurements were performed on Beamline 7.3.3 at the Advanced Light 
Source at the Lawrence Berkeley National Laboratory. The experimental set-up and 
sample cell were designed for surface studies on thin films. An X-ray beam impinged 
onto the sample at a grazing angle above the critical angle of the polymer film (αc = 
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0.16) but below the critical angle of the silicon substrate (αc = 0.22). The wavelength of 
X-rays used was 1.240 Å, and the scattered intensity was detected using a two-
dimensional charge-coupled device (CCD) camera with image sizes of 2304 x 2304 
pixels, pixel size is 0.082 mm x 0.082 mm. 
Nanoimprinted by 
modified AAO 
templates
ITO substrate
PEDOT:PSS
P3HT 
ITO substrate
PEDOT:PSS
P3HT Nanopillars 
PCBM
Backfill with PCBM
ITO substrate
PEDOT:PSS
P3HT Nanopillars 
Al deposition
ITO substrate
PEDOT:PSS
P3HT Nanopillars 
PCBM
Al
 
Scheme 4.1 The procedure for the nanostructured organic photovoltaic device.  
 
4.3 Results and Discussion 
4.3.1 Preparation and Characterization of the Anodic Aluminum Oxide (AAO) 
Membranes 
To be used as NIL templates, a flat, clean surface of the AAO membrane is 
necessary. To achieve this, the original aluminum sheet was polished to a smooth finish. 
Here, a mechanical polishing method was used instead of the electropolishing method.  
The surfaces of the aluminum sheet before and after being polished with the grinder are 
shown in the Fig 4.1a and Fig 4.1b, respectively. The mirror-like flat surface shown in 
Fig 4.1b is critical for preparing a flat AAO template. After polishing, the AAO 
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templates were produced by the traditional two-step anodization process in 0.3 M oxalic 
acid solution with the second anodization for 1 min, and characterized by SFM and 
SEM shown Figure 4.1c and Figure 4.1d. Pore sizes ~ 50 nm in diameter are shown 
which could be easily controlled by the anodization conditions, for example the 
electrolyte type, concentration, applied voltage and temperature. A side view of the 
AAO membrane (~ 200 nm in length) is shown in the inset of Figure 4.1d. The pore 
length could be adjusted by varying the second anodization time, as shown in the Figure 
4.2. 
 
200 nm
250 nm
50 µm 50 µm
200 nm
a b
c d
 
Figure 4.1 Al sheet and AAO membrane: a, Al surface before grinding; b, Al surface 
after gridning; c, SFM image of the prepared AAO membrane (2nd anodization time 1 
min); d, SEM image of the prepared AAO membrane. The inset represent the side view 
of the AAO memebrane. 
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Figure 4.2 Nanopore length growth rate in the AAO template 
 
 
4.3.2 Surface Modification of the AAO Templates 
To understand how the surface properties were changed by the silicone modification, 
contact angles were measured on the surface before and after the modification was 
performed (Figure 4.3, Table 4.1). The results show that the surface property of the 
AAO template is more hydrophobic after being modified by silicone, as discussed by 
McCarthy and coworkers.41  
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Figure 4.3 Telescopic images of H2O on AAO memebrane surface before and after 
surface modification: a, original AAO membrane (static); b, original AAO membrane 
(advancing); c, silicone modified AAO membrane (static); d, silicone modified AAO 
membrane (advancing); e, silicone modified AAO membrane (receding). 
 
Table 4.1 Contact angle of the AAO membrane surface before and after surface 
modification 
Contact angle Original AAO membrane 
Silicone modified AAO 
memebrane 
Static 33.8o 104.7
o
 
Advancing 43.8o 109.3
o
 
Receding --- 92.9
o
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4.3.3 Preparation and Characterization of P3HT Nanostructures 
To make the nanopillar arrays of P3HT by using the AAO template, we used two 
different methods. The first method was termed “AAO dissolving method”: P3HT was 
forced into the nanopores of the AAO template by thermal imprinting and then the 
template was dissolved with a 5 wt% NaOH/H2O solution to release the P3HT 
nanoarrays. Freeze-drying was used to sublime the ice under high vacuum conditions to 
obtain the free-standing P3HT nanoarrays. This process avoided collapse of the 
nanopillars by capillary force, if the water was simply evaporated. The second method is 
NIL:  Here, AAO templates were modified with a silicone to reduce the surface energy 
of the templates. After thermal imprinting, the templates were easily lifted off, leaving 
P3HT replicas that have potential application in OPV devices. Although the 
nanostructures obtained by the two methods are similar, their surface properties are 
markedly different, as shown in Figure 4.4. The AAO dissolving method left a 
substantial amount of impurity on the surface and the NaOH/H2O degrades the P3HT, 
which is not good for the device performance (Figure 4.4a). The NIL method, on the 
other hand, gave a flat and clean surface (Figure 4.4b), which is good for the device. 
Therefore, in the following, all the data were obtained using nanopillars produced by the 
NIL route. 
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Figure 4.4 Optical microscope images of the surface of the arrays of P3HT nanopillars: 
a, the surface by AAO dissolving method; b, the surface by NIL. 
 
Arrays of high areal density, free-standing P3HT nanorods with ~ 50 nm 
diameter are shown in Figure 4.5a, 5b, 5c. These nanorods afford a high interfacial area 
between the P3HT and electron acceptor (eg. PCBM) that is back-filled between the 
nanorods. No collapse of the nanostructures was observed. Using the same surface 
modification method, the surface energy of sapphire was dramatically reduced, and the 
advancing contact angle is 110o. In this way the sapphire template with saw-tooth 
patterned surface could also be used as a mold for P3HT film (Figure 4.5d), which could 
reduce light reflection, extend the optical length path length and increase the interfacial 
area between the donor and acceptor phase. 
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Figure 4.5 Micrographs of free-standing P3HT nanostructures: a, SFM of the free-
standing P3HT pillars (D =50 nm); b, SEM of the free-standing P3HT pillars; c, TEM 
of the free-standing P3HT pillars; d, SFM of the P3HT film with the saw tooth pattern. 
 
 
The diameter of the free standing P3HT nanorods could be easily controlled by 
the AAO templates, e.g. smaller diameter P3HT nanorods are shown in Figure 4.6. 
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Figure 4.6 Micrographs of free-standing P3HT nanopillars: a, SFM of the free-standing 
P3HT pillars (D =30 nm); b, TEM of the free-standing P3HT pillars; c, SEM of the 
free-standing P3HT pillars. 
 
If P3HT:PCBM (1:1 wt ratio) blends were used instead of pure P3HT, free-standing 
P3HT:PCBM nanopillars could also be fabricated (Figure 4.7). When the Al cathode 
was thermally evaporated onto the sample, the interface between the active layer and the 
cathode could be significantly increased. 
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1 µm 200 nm
a b
 
Figure 4.7 Micrographs of free-standing P3HT:PCBM nanopillars: a, SFM of the free-
standing P3HT:PCBM pillars (D =50 nm); b, SEM of the free-standing P3HT:PCBM 
pillars. 
 
GIXD, shown in Fig. 4.8, was used to determine the ordering of the components 
in the nanostructures. An incidence angle of 0.18o, which is above the critical angle of 
the P3HT (0.16o), was used to probe the ordering of the P3HT and/or PCBM throughout 
sample. The diffraction data are shown in Figure 4.8. Figure 4.8a shows the 2D image 
for the pure P3HT arrays with nanopillars ~50 nm in diameter, while the 2D image in 
Figure 4.8b is for the P3HT:PCBM blend arrays with nanopillars ~50 nm in diameter. 
Both images show the (100) reflection, along with second (200) and third order (300) 
reflections, indicating that the edge-on crystal structure is prevalent in these samples. In 
the P3HT:PCBM blend arrays, an interference arising from the PCBM (q = 1.41 Å-1) is 
observed. The 1-D profile in Figure 4.8c is the signal from out-of-plane scattering, i.e. 
characterizing the ordering normal to the sample surface.  
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Figure 4.8 GIXD of the free-standing nanopillars: a, GIXD 2D image for the pure 
P3HT arrays (D= ~50 nm); b, GIXD 2D image for the P3HT:PCBM (1:1) arrays (D= 
~50 nm); c, The out-of-plane 1-D profile of a and b. 
 
4.3.4 Device Preparation and Testing 
Photovoltaic devices with traditional structures were prepared. Here,  a 
PEDOT:PSS layer was cast onto ITO glass, then a ~180 nm P3HT layer was spin-coated 
from the P3HT clorobenzene solution on top onto the ITO glass and the NIL process 
was used to generate a surface topography of the P3HT nanopillars with different 
diameters. As rapidly as possible, a PCBM solution in dichloromethane was spin-coated 
onto the P3HT thin film layer or the arrays of P3HT to form a PCBM layer. Al was then 
evaporated onto the surface as the cathode. The device performances are summarized in 
Figure 4.9 and Table 4.2. It is clear that the bilayer device shows the lowest 
performance, as would be expected, characterized by a relatively small Voc and Jsc. Once 
the P3HT layer was converted into nanopillars with ~50 nm in diameter and then 
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covered with PCBM layer, the performance dramatically increased to ~ 2%, with a 
higher Voc and Jsc, due to the larger surface area between the donor and acceptor 
domains, and the vertically ordered heterojunction morphology in the active layer. 
When the diameters of the P3HT pillars are reduced to ~30 nm, the efficiency is even 
higher, due, more than likely, to a exciton recombination within the smaller nanopillars, 
since the excition diffusion length limitation is ~10 nm. 
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Figure 4.9  J-V curve of the devices based on different textures 
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Table 4.2 Device performance based on different textures 
 
Device Type VOC (V)  JSC  (mA/cm2)  FF (%)  PCE (%)  
Bilayer 0.49 3.88 43.33 0.82 
P3HT Pillars (50 nm)         0.58 7.06 48.83 2.0 
P3HT Pillars (50 nm) 0.60 7.46 53.53 2.4 
 
 
4.4 Conclusion 
The surface energy of the AAO template was successfully reduced by silicone 
modification, making it suitable as an NIL template. Free-standing nanorod arrays and 
sawtooth patterns of poly(3-hexylthiophene) (P3HT) were fabricated on ITO/glass 
substrates by using anodic aluminum oxide (AAO) and mis-cut sapphire as the 
templates. The fabricated P3HT nanostructures dramatically increase the interfacial area 
between the donor and acceptor, which shorten the transporting pathway of the charge 
carriers and enhance the device efficiency to around 1.2%. This technique provided new 
insight and guidance for the development in the photovoltaic area, as it could be easily 
applied to the NIL and roll-to-roll processing. 
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CHAPTER 5 
                                                     FUTURE DIRECTIONS  
5.1 Future Directions  
5.1.1 Textured Organic Photovoltaic Devices Based on P3HT/PCBM 
 
This thesis mainly treats the morphology of the photoactive layer of OPVs based 
on P3HT/PCBM system. The results quantitatively show the photovoltaic device 
performance is strongly affected by the nanoscopic morphology (i.e. a bicontinuous 
morphology with a characteristic length scale of ~ 10 nm domains.), crystal orientation, 
and the distribution of components within the photoactive layer.1, 2 In addition, we put 
forth an alternative mechanism, namely a competitive crystallization/diffusion 
argument, to describe the origin of the morphology.1, 2 These findings provide new 
insights and guidance into the generation of active layers in organic photovoltaics that 
are crucial in enhancing the device performance.  
Although we intensively studied topics related to the morphology of the 
photoactive layer, to better understand the physics of entire organic photovoltaic device, 
it is necessary to gain a quantitative understanding of the physics of the device 
architecture, especially the nanostructures of the active layer, and the interfaces between 
the active layer and the electrodes.3 
Sapphire templates were prepared as described previously4, and then were 
modified with a silicone (T22) to reduce the surface energy of the templates as 
described in Chapter 4. The surface energy of sapphire was dramatically reduced, the 
advancing contact angle and the receding angle were 110o and 90 o, respectively. By 
thermal imprinting, as described in Chapter 4 (shown in Figure 5.1a), the templates 
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were easily lifted off, leaving P3HT or P3HT: PCBM replicas (the saw-tooth pattern) 
that have potential applications in OPV devices (Figure 5.1b). The saw-tooth pattern 
could reduce light reflection, extend the optical pathlength, and increase the interfacial 
area between the active layer and the electrode. Figure 5.1c shows the light reflection in 
the active layer based on the different surfaces (flat surfaces and textured surfaces). 
With a flat surface, light is  reflected, while on the textured surfaced the reflected light 
is reduced and which translates into more light being absorbed by the organic active 
layer, which is can improve the device performance. 
 
1 µm
d
Sapphire pattern modified by silicone
110o/90o
Nanoimprint on P3HT
P3HT Sawtoothed pattern
Flat Surface Textured Surface
Semiconductor(active layer)
a
b c
 
Figure 5.1 P3HT saw-tooth pattern preparation: a, scheme of the sawtooth pattern 
preparation procedure; b, SFM height image of P3HT sawtooth pattern; c, the light 
reflection in the active layer based on the different surface (flat surface and textured 
surface). 
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Another method, wrinkling, was also developed to texture the interface so as to 
reduce light reflection and increase the active layer light absorption. The following is 
our initial results: 
Regioregular poly(3-hexylthiophene) (Mw = 42.4 k, Mn = 21.2 k, RR = 96.8%) and 
[6,6]-phenyl-C61-butyric acid methylester were obtained from Konarka Technologies. 
P3HT/PCBM in a 1:1 (w/w) ratio was dissolved in chlorobenzene to make a 20 mg/mL 
solution. The solution was spin coated onto the PEDOT:PSS coated substrates at 1000 
rpm for 1 min. Different thicknesses of Al was thermally evaporated onto the top of the 
blend film, and the entire assembly was thermally annealed at 150 oC, then cooled back 
to the RT. Optical microscopy (OM) and scanning force microscopy (SFM), images 
were taken at different times during the heating process. Figure 5.2 shows the OM 
images of the samples with Al layers of different thickness. With increasing Al 
thickness, the wavelength of the P3HT/PCBM surface increased, as given in Table 5.1. 
The origin of the wrinkle formation was the difference in the thermal expansion 
coefficients of the active layer and the Al.5 
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Figure 5.2 OM images (after dissolving Al): a, (P3HT/PCBM)/80 nm Al annealed at 
150 oC for 30 min; b, (P3HT/PCBM)/60 nm Al annealed at 150 oC for 30 min; c, 
(P3HT/PCBM)/40 nm Al annealed at 150 oC for 30 min; (P3HT/PCBM)/30 nm Al 
annealed at 150 oC for 30 min. 
 
 
Table 5.1 The wrinkle wavelength of P3HT: PCBM Vs the thickness of Al layer 
Thickness of Al 
Layer
Wavelength of the 
wrinkles
80 nm 2.66 µm
60 nm 1.86 µm
40 nm 1.17 µm
30 nm 850 nm
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Figure 5.3a and 5.3b show SFM images taken when the samples were heated to 
150o C for 30 min. Fig. 5.3a shows the sample surface after dissolving the Al layer by 
using CuCl2, while the sample surface before dissolving the Al layer is shown in Fig 
5.3b. In-situ SFM was performed at 150o C and showed that the wrinkling took place 
immediately. Fig 5.3c shows an in-situ 3-D SFM image of (P3HT/PCBM)/60 nm Al 
annealed at 150o C for 6 min. As can be seen, wrinkles formed on the surface of the 
film. The wavelengths and amplitudes of the wrinkles are ~ 2.5 µm and 65 nm, 
respectively. The wrinkles will increase the interfacial area between the active layer and 
the cathode which is advantageous for electron collection and will also increase the 
absorption of light, due to the surface texturing. The interfacial area between the active 
layer and the cathode should be directly related to device performance.  The surface 
texture (saw-toothed pattern or wrinkle pattern) of the active layer should be related to 
light absorption, which is one of the most important factors affecting the final device 
performance. These topics are interesting to explore, which maybe provide new insights 
and guidance into the generation of higher performance OPVs. 
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After dissolving Al
With Al surface
a
b
c
 
Figure 5.3 SFM height images: a, (P3HT/PCBM)/60 nm Al annealed at 150 oC for 30 
min (after dissolving Al); b, (P3HT/PCBM)/60 nm Al annealed at 150 oC for 30 min 
(with Al); c, In-situ 3-D SFM image of (P3HT/PCBM)/60 nm Al annealed at 150 oC for 
6 min (with Al). 
 
 
5.1.2 Three Component Organic Photovoltaic Devices 
 
All the devices described in this thesis are all based on the P3HT/PCBM system, 
but it is impossible to achieve a device efficiency with this system, above 10%. Driving 
the efficiency of bulk heterojunction (BHJ) organic photovoltaic (OPV) solar cells 
above the 10% barriers is absolutely essential to make these systems an economically 
viable technology. Achieving this goal requires the synthesis of new materials or 
developing strategies by which existing materials can be driven past current efficiencies. 
Controlling the morphology of the active layer, generally consisting of a mixture of a 
hole-transporting polymer, with an electron-transporting material, is essential in 
optimizing the morphology for device performance. Only recently have there been 
strides to understand the fundamental polymer physics governing the morphology and, 
as such, new routes to enhance efficiencies have been opened. Yet, is it clear that 
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tandem type structures are the most likely route by which efficiencies will be pushed 
well past this 10% barrier. A tandem device is, essentially, two independent BHJ OPV 
devices where the absorption of one hole-transporting polymer is at a maximum in a 
spectral range that complements the other hole-transporting polymer so that a maximal 
amount of solar energy is absorbed. Overall efficiency of the device is enhanced simply 
because more photons are absorbed.6 Yet, producing tandem devices is a complex, 
multi-stepped process that will be difficult to realize commercially. Consequently, we 
have been taking an alternate one-step approach where we are preparing active layers 
consisting of three components, two hole-transporting polymers active in different 
wavelength ranges of the solar spectrum with one electron transporting material. It 
remains, though, a technical and fundamental challenge to design and control the 
morphology such that the two hole-transporting polymers can act independently.  
We will investigate mixtures of two electron donors, one is the well-studied 
poly(3-hexylthiophene) (P3HT) and the other is a low bandgap material, such as 
poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]-dithiophene)–alt -4,7-
(2,1,3-benzothiadiazole)] (PCPDTBT) (Scheme 5.1). [6, 6]-phenyl C61-butyric acid 
methyl ester (PCBM) is chosen as the electron acceptor. Then we spinning coat the 
mixture and make them into a three component random structure as shown in Scheme 
5.2. Though this system could cover the wide wavelength ranges of the solar spectrum, 
the devices based on this system still have the possible problem that the device 
efficiency will be between the P3HT/PCBM system and PCPDTBT/PCBM system. The 
possible reason is the total photon absorption in the three components system is not 
maximized. In order to solve this possible problem and increase the total light 
  116 
 
absorption of the active layer, we provide an alternative choice to make a gradient 
structure, as shown in Scheme 5.3. As we know, if the light shines on the transparent 
electrode, in order to maximize the photon absorption of the system, the short 
wavelength absorption layer should be put in front of the longer wavelength absorption 
layer. How to realize this possible ideal structure? 
We can simply spin coat the PCBM on the transparent electrode and then float 
the P3HT and PCPDTBT layers sequentially. Then, thermal annealing can be used to 
cause an  interdiffusion, generating a gradient structure. The disadvantage of this 
process is that the use of a floatation step is not commercially viable. 
Scheme 5.4 shows an alternative strategy where we use a UV-crosslikable P3HT 
(the chemical structure shown at the bottom of the scheme), as described in the 
literature,7 then spin coating a layer of  PCPDTBT on top of this, followed by coating a 
PCBM layer on top of the PCPDTBT layer using a selective solvent. A thermal 
treatment can then be used cause the diffusion of the PCBM into both layers. The final 
gradient or bilayer structures are shown in Schemes 5.3 and 5.4, respectively. Either of 
these structures could, possibly, optimize the device performance. 
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Scheme 5.1 Chemical structure of PCPDTBT, P3HT and PCBM. 
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Donor (A) PCPDTBT 
Donor (B)  P3HT
PCBM
Transparent Electrode
 
 
Scheme 5.2 Preparation of the random structure from the PCBM/P3HT/PCPDTBT 
mixture. 
 
 
Donor (A) PCPDTBT 
Donor (B)  P3HT
PCBM
Thermal 
Annealed
Transparent Electrode
 
Scheme 5.3 Preparation of the gradient structure from the PCBM/P3HT/PCPDTBT 
trilayer. 
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Donor (A) PCPDTBT 
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UV Crosslinkable P3HT
Transparent Electrode
 
Scheme 5.4 Preparation of the bilayer structure from the crosslinked P3HT/PCPDTBT/ 
PCBM trilayer. 
 
To fully understand the possible efficiency improvement, investigation of and 
developing strategies to control the morphology of these systems are necessary. 
Resonant soft X-ray scattering (RSoXS) enables one to adjust the contrast by varying 
the incident x-ray energy to absorption edges characteristic of the chemical bonding of 
the different components. This, in turn, will enable the variation of the contrast of the 
different phases formed in the morphology of the active layer and, as such, with RSoXS 
the spatial correlations in the domains within the active layer can be probed. Based on 
chemical sensitivity, we can selectively highlight the different components and clarify 
the morphology of the thin film of the active layers. Due to the similarity of the electron 
densities of P3HT and PCPDTBT the contrast for hard x-rays is very low, and only 
limited information can be gleaned on the morphology. RSoXS, however, will be an 
ideal method to probe the domains of each component independently. PCPDTBT 
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contains nitrogen, P3HT has lots of sulfur atoms and PCBM is very rich in carbon 
atoms, the scattering contrast will be significantly enhanced by tuning X-ray energy to 
the nitrogen or carbon absorption edges.  
Our previous experiments on P3HT/PCBM thin films have already demonstrated 
the utility of RSoXS in characterizing the morphology of binary mixtures of a hole-
transporting polymer with PCBM, the active layer in BHJ OPVs.2 For the three-
component systems of interest in future studies, the x-ray energy will be tuned to the 
absorption edges of the C-N bonding in the PCPDTBT, the C-S bonding in the P3HT, 
and the enhanced carbon content in the PCBM, so as to vary the contrast of the different 
components and enable the examination of the spatial correlations of the different 
components using grazing incidence RSoXS. These studies will provide information on 
the phase behavior of the ternary mixtures, in- and out-of-the-plane, in thin films that 
are comparable in thickness to typical active layers. Fully understanding the 
morphologies of the ternary mixtures is critical for understanding the physics of device 
based on the ternary mixtures, which we believe is the future of the OPVs with 
efficiency higher than 10%.  
5.1.3 Hybrid Photovoltaic Devices 
 
      Another popular solar cell device is the hybrid photovoltaic device as, for example, 
based on TiO2 which is a good electron conductor. The TiO2 nanotube arrays with 
different lengths and pore sizes will be provided by Mallouk and coworkers.8, 9 A device 
structure, like that shown in Scheme 5.5 is one possible strategy. 
Before the modified C60 is anchored to the TiO2 surface, a surface treatment will 
be necessary. A 2M TiCl4 is diluted to 0.05 M by the addition of water with constant 
  120 
 
stirring, while the solution is cooled in an ice bath. Then the TiO2 nanotube arrays are 
then dipped into the 0.05 M TiCl4 solution for 20 -24 h, and cured at 500 oC for 1 h. 
Then the sample is immersed in a modified C60 (the structures are shown in Scheme 5.5) 
solution for 4 hrs, and rinsed with ethanol and dried under vacuum. After this 
procedure, the modified C60 is anchored to the inner wall of the tubes as a monolayer 
(Scheme 5.5). UV-Vis and contact angle measurement will be used to confirm whether 
the C60 is successfully anchored. Then, P3HT is back-filled into the pores, PEDOT: PSS 
is then coated on top of this before a 50 nm Au layer is evaporated on the surface 
(Scheme 5.5). The advantage of this structure is that the interfacial area between the 
P3HT/C60 will be enlarged; the charge transporting length can be shortened; and the 
electrons in C60 could be immediately transported to TiO2, then to the FTO electrode. 
Finally, the devices based on different size TiO2 nanotube array will be tested and 
modified. 
PEDOT:PSS
Au
Glass
P3HT
TiO2 nanotube array
FTO
C60-COOH
 
Scheme 5.5 Schematic of TiO2 nanotube array assembed with modified C60, and used 
for photovoltaic application. 
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